Nanofluid-based receivers for high-temperature, high-flux direct solar collectors by Lenert, Andrej
Nanofluid-based Receivers for High-Temperature,
High-flux Direct Solar Collectors
by
Andrej Lenert
B.S.E., Mechanical Engineering (2008)
University of Iowa
ARCHNES
MASSACHUSETTS INSTITUTE
OF TECHNOLOGY
SEP 0 1 2010
LIBRARIES
Submitted to the Department of Mechanical Engineering in
Partial Fulfillment of the Requirements for the
Degree of Master of Science in Mechanical Engineering
at the
Massachusetts Institute of Technology
June 2010
©2010 Massachusetts Institute of Technology
All rights reserved
Signature of Author: ..................
Department of Mechanical Engineering
May 21, 2010
C ertified by: ...................................
Evelyn N. Wang
Assist rofessor of Mechanical Engineering
fr; 1 .4 Thesis Supervisor
A ccepted by: ....................................... .......
David E. Hardt
Chairman, Department Committee on Graduate Theses
2
Nanofluid-based Receivers for High-Temperature,
High-flux Direct Solar Collectors
by
Andrej Lenert
Submitted to the Department of Mechanical Engineering on May 21st, 2010, in Partial
Fulfillment of the Requirements for the Degree of Master of Science
Abstract
Solar power plants with surface receivers have low overall energy conversion efficiencies due to
large emissive losses at high temperatures. Alternatively, volumetric receivers promise increased
performance because solar radiation can be transferred into a fluid medium, which subsequently
reduces the concentrated heat at the surface. Nanofluid-based direct solar receivers, where
nanoparticles in a liquid medium can scatter and absorb solar radiation, have recently received
interest to efficiently distribute and store the thermal energy.
In this thesis, a combined modeling and experimental study to investigate the efficiency of
fluid-based solar receivers seeded with carbon-coated absorbing nanoparticles is presented. The
ability to tune the absorption in a volumetric receiver using the volume fraction of nanoparticles
was demonstrated using a semi-empirical method to model the radiative properties of the
nanofluid. A volumetric receiver was designed and built to experimentally demonstrate the
concept of nanofluid-based receivers and validate the modeling efforts.
A one-dimensional combined radiative and heat transfer model was developed to compare
idealized surface receivers to idealized volumetric receivers. The effect of particle characteristics
such as distribution and selectivity, as well as collector parameters such as absorbing height and
level of solar concentration was investigated. In the limit of idealized behavior, non-selective
volumetric receivers were shown to be more efficient than selective-surfaces for high
concentration levels (C> 100) and/or tall receiver designs (H > 10 cm). The numerical results
indicate a major benefit of using volumetric receivers: they are more efficient at higher levels of
concentration and can lead to ideal power generation efficiencies exceeding 55% in these
regimes. The work offers design guidelines for the development of efficient volumetric receivers
for future solar thermal energy conversion systems.
Thesis Supervisor: Evelyn N. Wang
Title: Assistant Professor, Mechanical Engineering
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Chapter 1
1. Introduction
1.1 MOTIVATION
Our dependence on non-sustainable natural resources is damaging our environment
irreversibly. A sufficient amount of solar resources exist in the U.S. to comfortably meet the total
electrical power demand of the country [1]. However, the conversion of highly concentrated
sunlight into thermal energy suffers from relatively low efficiencies of 50% to 60% [2].
Furthermore, current solar thermal power plants offer limited energy storage in order to buffer
the diurnal nature of the solar radiation. The overall efficiency of generating power in these
plants is approximately 15% [2], whereas fossil power plants have reached efficiencies
exceeding 50%. This helps explain why solar power supplies less than 1% of our total energy
consumption; it cannot compete with fossil power in terms of efficiency, availability and
cost [3].
Can solar energy be engineered to compete with fossil fuels? Actually, most forms of energy
available on Earth, especially renewable energy sources such as wind and biomass, are
derivatives of solar energy in one form or another. In these derivative forms, the original solar
energy has undergone at least one low-efficiency energy conversion step. Even the fossil fuels
used today are derivatives of the solar radiation incident on the Earth's surface millions of years
ago. It can be argued that engineers should be able to tailor power generation systems for direct
utilization of solar radiation with efficiencies exceeding other multi-step energy conversion
cycles that rely on the earth to modify solar energy into a higher quality and more readily usable
energy source. While, certain limits on the efficiency of direct solar power generation exist;
current solar thermal technologies are not operating close to these limits which leaves room for
improvement for future solar thermal systems. The objective of this thesis is to discuss the limits
and propose design guidelines for a solar receiver that has the potential to approach one of those
limits. The efficiency of a solar thermal system is reliant on several energy conversion steps,
which are in turn governed by the effectiveness of the heat transfer processes. While higher
conversion efficiency of solar to thermal energy is possible, the key components that need to be
improved are the receivers and the thermal storage mechanisms. This thesis contributes in
making solar thermal power generation more ubiquitous in the future.
1.2 BACKGROUND
A variety of solar thermal technologies exist today, ranging from solar hot water collectors,
to parabolic troughs and power towers as illustrated in Figure 1. Solar thermal systems used for
power generation are typically comprised of a receiver of solar radiation, a heat transfer fluid,
and a power conversion cycle.
Collector Trough Tower
Figure 1. Conventional solar thermal technologies utilizing surface-based receivers.
The objective of the receiver is to impart a change of temperature in the heat transfer fluid while
maintaining high efficiency, or in other words, minimizing the heat losses to the surroundings.
In order to achieve high temperatures at the exit of the receiver, incident solar radiation is
concentrated using a field of reflective mirrors which focus the light onto a line (in the case of
parabolic troughs) or onto a point (in the case of power tower designs).
Figure 2 shows the spectral distribution of the incident solar radiation as approximated by a
black body spectrum at a temperature of 5787 K (illustrated in red). Solar radiation has a
characteristic peak at a wavelength of 0.5 microns (pm), and approximately 95 % of its overall
power below 2 ptm. As the solar radiation is concentrated, the intensity scales with the
concentration level (C). An ideal receiver will absorb the concentrated solar radiation, convert
that incident solar radiation into heat and transfer the heat to the heat transfer fluid. The imparted
change in temperature of the heat transfer fluid is the metric of performance because higher
temperatures lead to improved conversion efficiencies in the power generation cycle.
In an effort to increase the efficiency of thermal-to-electrical power conversion, solar thermal
power plants aim to operate at higher temperatures. However, as the temperature of the receiver
increases, the receiver increasingly re-radiates to the environment and its black body spectrum
begins to overlap significantly with the incident solar spectrum, as seen in Figure 2.
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Figure 2. Spectral characteristics of: incident solar radiation (red) with varying concentration levels (C);
black body radiation (black); and emissive properties of a selective surface (green).
For a black body receiver, the radiative losses scale as the fourth power of the temperature, as
seen in Figure 3. For this type of receiver, the efficiency sharply drops with increasing
temperature. To suppress radiative heat loss from the receiver, selective surfaces are
manufactured to have low emissivity at the longer wavelengths which correspond to thermal
radiation. An ideal selective surface (illustrated in green in Figure 2) will have emissivity which
transitions from one, for wavelengths below a cut-off wavelength, to an emissivity of zero for
wavelengths above the cut-off wavelength. The performance of a receiver at high temperatures
is limited by Kirchoff's law, which states that the spectral absorptivity must equal the spectral
emissivity. In other words, since a receiver is absorptive for wavelengths in the solar spectrum, it
consequently emits in those same wavelengths which leads to a lower receiver efficiency. Figure
3 illustrates how the power losses from an ideal selective surface exhibit the same fourth order
dependence on the receiver temperature as a black body except that the trend is shifted to higher
temperatures.
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Figure 3. Power loss due to re-radiation as a function of temperature: from a black body (black), and a
selective surface (green).
An overly simplified view of this problem might suggest that by increasing the amount of
solar concentration it is possible to over-power the amount of heat loss to the surroundings. A
solar receiver, however, serves the dual purpose of absorbing solar radiation and transferring
heat to a fluid. It is important not to overlook the effect that heat transfer has on the overall
receiver efficiency. Any thermal resistances between the absorber and the heat transfer fluid
become important at high heat fluxes (> 100 kW/m2) and create a large temperature difference at
the interface. In state-of-the-art solar power plants, the heat transfer mechanism is usually forced
convection between the absorbing surface and the heat transfer fluid, or in some cases, boiling
for direct steam generation. The difference in temperature between the absorber and the fluid
(termed overheat temperature) as a function of concentration and type of heat transfer is shown
in Figure 4. This figure was plotted using the definition of a heat transfer coefficient (h = q/AT),
and using typical heat transfer coefficients for different types of heat transfer as recommended by
Lienhard and Mills [4, 5]. As the temperature of the receiver surface increases, the corresponding
radiative losses to the environment begin to contribute significantly to the loss in conversion
efficiency of solar energy as shown earlier in Figure 3. For high concentration application such
as central-receiver systems (a.k.a. power towers), the overheat temperature is on the order of
hundreds of degrees Kelvin, which leads to substantial losses in efficiency.
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Figure 4. Difference in temperature between the absorber and the heat transfer fluid (overheat) that is
established as a function of solar concentration (C) .
Nanoparticles, on the other hand, have several orders of magnitude higher heat transfer
coefficients when transferring heat immediately to the surrounding fluid. The effect is simply
due to the small size of the particles. The nanoparticles can be used to volumetrically absorb the
incident radiation and transfer that heat very effectively to a heat transfer fluid, thus, eliminating
any overheat temperature. A schematic of a volumetric receiver utilizing nano-sized particles to
absorb solar radiation is illustrated in Figure 5.
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Figure 5. Schematic illustrating the difference between surface-based and volumetric solar receivers.
This idea of volumetric absorption using small particles has been proposed long before the
ability to controllably synthesize nanoparticles was developed. In the 1970s, large temperature
differences at the interface between the absorber and the heat transfer fluid were identified, and
particle-based volumetric absorbers for solar central-receivers were originally proposed by Hunt
[6] and Abdelrahman [7]. The temperature difference between the absorbing particles and the
fluid has been shown to be negligible owing to the particles' large surface to volume ratio [6, 8].
Researchers have suggested various configurations for the receiver design: including gas-particle
suspensions [9, 10], liquid films [11], and volumetric thermal traps [12]. To model the coupled
radiative and convective heat transfer inside the particle-based receivers, researchers have
developed numerical models capable of predicting the response of these systems at high
temperatures. Kumar and Tien [13] investigated a flowing molten salt receiver seeded with small
particles, while Miller has modeled solar absorption inside a rectangular receiver and oxidation
of carbon particles using a three-dimensional model [8, 9]. Experimental work by Drotning et al.
has determined the optical properties of such molten salt suspensions [14]. More recently,
experimental and numerical work has focused on solid-gas suspensions [8, 10] and highly
porous, low-emitting, structures for co-axial air intake and radiative absorption [15, 16]. Phelan
et al. have made recent contributions in numerical modeling of nanoparticles [17], determining
optical properties of transparent fluids [18], and experiments with a micro-solar collector [19].
1.3 THESIS OBJECTIVE AND OUTLINE
Volumetric receivers promise to be more efficient than surface-based receivers, but
predicting this increased efficiency can be complicated. Even for relatively simple geometries of
volumetric receivers, numerous parameters can be varied, such as the receiver height (H). It
becomes difficult to predict the outcome of the coupled radiative and heat transfer equations.
Current models require implementing relatively complicated and slow numerical schemes. A
simple and elegant model that applies to both surface and volumetric receivers does not exist. A
simple model gives a solar thermal engineer a quick tool to predict the outcome of varying
parameters such as particle loading and concentration, in order to assess the viability of a
volumetric receiver design for the application. The objective of this study is to present a
simultaneous comparison between surface and volumetric solar thermal receivers. The aim is to
maintain a model that can quickly be applied to both cases and then vary important parameters,
such as the radiative properties and the geometry, to measure their effect on absorber efficiency.
Few researchers have successfully validated their numerical and theoretical models with
experiments. An experimental setup consisting of a solar simulator and a cylindrical volumetric
receiver is developed to begin validation of the numerical model. The study presents a method of
describing volumetric solar thermal receivers, which can be used as a starting point for more
complicated models and designs. The structure of this thesis is outlined below, with the main
contributions of the work bold-faced:
In Chapter 1, the motivation for studying nanofluid-based volumetric receivers for
concentrated solar power generation was discussed. Previous work in the area and the most
significant contributions were mentioned.
In Chapter 2, the radiative properties of the nanoparticle suspensions are experimentally
characterized and compared to existing theory. A simple semi-empirical approach for
tailoring the optical thickness of the nanofluid is presented.
In Chapter 3, a coupled thermal and radiative model is developed to account for the
temperature dependent heat losses and the spectrally dependent characteristics of a
volumetric receiver. Approximations based on existing nanofluid literature and the results from
Chapter 2 are made in order to simplify the complexity of the model and implement it
numerically.
In Chapter 4, a proof-of-concept experimental study of volumetric receivers is
presented. The experimental results for the developing temperature profiles inside the receiver
are compared to the model in Chapter 3, and any discrepancies are explained.
In Chapter 5, the numerical model developed in Chapter 3 is used to discuss the efficiency of
volumetric receivers for use in power generation systems. A comparison between surface-based
and volumetric receivers collapses the problem, and design guidelines recommending the type
of receiver that should be used depending on the concentration level and characteristic
height of the receiver is presented.
In Chapter 6, the main trends of the analysis performed in Chapter 5 are generalized and
applied to most solar thermal applications. The benefits and the limitations of volumetric
receivers are discussed.
Chapter 2
2. Tuning Solar Absorption: Radiative Properties of
Particles in Suspension
The ability to tune the spatial distribution of solar absorption is a characteristic that
distinguishes volumetric receivers from surface-based receivers. In Chapter 1, the concept of
having suspended nanoparticles (NPs) inside a heat transfer fluid for direct absorption of solar
radiation was introduced. In this chapter, the discussion is focused on how the fraction of
particles suspended alters the radiative properties of the pure fluid. In most cases, the properties
can be altered such that all of the incident solar radiation is absorbed within a predictable
penetration distance (or receiver height for this application). The volume fraction (f,) that the
particles occupy with respect to the total volume can be adjusted to tune the penetration distance
of the incident photons. Therefore, the height of the receiver (H) can be set by the volume
fraction; or vice versa, the volume fraction can adjusted so that the penetration distance matches
the height of the receiver, which is more useful.
Although a significant amount of research has been developed to predict the radiative
properties of small particles in suspension [20, 21], in practice, it is difficult to create a model
that captures the variations in distribution and shape found in real particle-based systems. The
study presented in this chapter outlines a simple semi-empirical approach to characterize the
radiative properties of the nanoparticle suspension in the visible and near-infrared ranges. A
nanoparticle suspension (a.k.a. nanofluid) is prepared in Therminol VP 1, which is the fluid used
most often in parabolic trough solar applications. The radiative properties are determined,
compared to theory, and used to guide the experimental design in subsequent chapters. This
approach can be quickly implemented to determine the required volume fraction of nanoparticles
for a given receiver geometry.
2.1 PREPARATION OF NANOFLUIDS
a) b)
Figure 6. a) Pure VPI as compared to a suspension of carbon-coated cobalt (C/Co) NPs in VPI, b) SEM
image and TEM close-up of C/Co NPs (28 nm ave. diameter).
The suspensions studied were prepared using commercially available carbon-coated cobalt
nanoparticles (NanoAmor Inc.) suspended in Therminol VP1 (Solutia Inc.). VP1 was chosen
because it is a liquid at room temperature yet it can sustain temperatures close to 400 'C without
significant degradation due to pyrolysis. Moreover, VP1 is visibly transparent, meaning that the
incident solar photons should have relatively large mean free paths inside the medium. On the
other hand, carbon-coated nanoparticles were chosen because graphite has a predictable
broadband absorption in the visible and near-IR spectrum. Nanoparticles (NPs) with a magnetic
core were chosen because they are susceptible to a magnetic field, and thus, an outside magnetic
field has the potential to induce a volume fraction distribution inside the volumetric receiver.
Figure 6a) shows the visible difference between pure VP1 and a suspension of NPs in VP1,
while Figure 6b) shows images of the nanoparticles taken in a high-resolution SEM, and a close-
up taken in a TEM. The average diameter of the predominantly spherical nanoparticles is 28 nm
according to the manufacturer, but certain clusters of nanoparticles exceed 100 nm and the
morphology of the particles varies.
The nanoparticles readily dispersed and suspended in Therminol VP1 after 30 minutes in a
sonicating bath. In the absence of any kind of agitation or sonication, the particles began to settle
to the bottom of the container after three days. While the stability of this nanofluid could
potentially be improved with the addition of a surfactant, commonly used surfactants are not
.. .. . .. .... ..... .... ...  .. . . ..  ......    .
stable at higher temperatures. In addition, the effect of surfactants on the radiative properties of
nanoparticles in suspension could be complicated, and even unpredictable. For these reasons, it
was perceived to be important not to introduce any surfactant to the suspension until these effects
were better understood.
2.2 RADIATIVE PROPERTIES OF FLUIDS
2.2.1 Theoretical
The bulk of the volumetric receiver is the fluid medium, and therefore, the radiative
properties of the fluid are critical to the efficiency of a volumetric design. An ideal fluid for a
volumetric application would be completely transparent to the incoming solar radiation.
Although they are not used for volumetric absorption, high temperature heat transfer fluids used
in existing solar thermal plants such as VP1 and certain molten salts have a solar-weighted
absorption below 10% [14, 18]. In general, the spectral absorption coefficient (ipp) for pure fluids
is related to the index of absorption (Kf) by the equation:
4mcf
= 
4 7V~f(1)
In the visible and near-IR range, the fluid properties are determined experimentally. As for
the properties for wavelengths above 2 pm, the heat transfer fluid will be modeled as either fully
absorptive or fully transparent in Chapter 3. In reality, the absorption coefficient for wavelengths
exceeding 2 pm can be very spectral, meaning that the absorption bands can be narrow and
highly dependent on the wavelength. Rigorously determining the radiative properties in the IR is
beyond the scope of this study, but will be addressed in the future.
2.2.2 Experimental
Aperture Photo- ks
Reference resistorLight Source Relative Outp
Beam splitter
Monochromator PAmplifier
Sample
Figure 7. Schematic of the experimental configuration used to determine the spectral absorption of VP1. A
double-beam mode measurement was taken using cuvettes with two different pathlengths: 2mm and 10 mm.
To determine the spectral absorption coefficients of a pure fluid, two main experimental
methods utilizing a spectrophotometer exist: an absolute single-beam measurement, and a
differential double-beam measurement. In this study, the differential measurement was chosen in
order to minimize the number of unknowns. The absolute measurement technique, described by
Otanicar et al. [19], is a ray tracing technique that iteratively determines the optical constants
(n, K) of the pure fluid using a single transmission measurement. The benefit of the measurement
is that in principle it should be exact (for light in the incoherent regime), however, it requires
exact knowledge of the refractive index and thickness of the glass and fluid. Moreover, since the
algorithm determines two parameters (n, K) based on a single measurement (% transmission), it
was found that multiple combinations of the optical constants will satisfy the experimentally
determined value for transmission. Although exact, this type of measurement can only be
implemented if one of the optical constants of the fluid is known a priori, which is not the case
with VP 1.
Instead, a differential measurement technique (shown in Figure 7) was utilized in order to
determine the absorption coefficient of VP 1. The monochromatic light source is sent through a
beam-splitter which directs the two beams to the two cuvettes of different pathlengths. The
technique is similar to the one described by Drotning [14]. In this measurement technique, the
relative difference in transmission between the two beams is due to the difference in pathlenghts
that the light must travelled through to reach the detector. The benefit of this measurement
technique is that it can be quickly implemented without a ray-tracing model. The drawback is
.. ....  ...... .................
that this measurement technique is not exact because the difference in thickness of the fluid layer
may lead to a different transmission signal when multiple reflections are considered.
Nonetheless, the reflection at the glass-fluid interface should not exceed 4%; thus, after only two
reflections, this effect will influence the measured transmission by less than 1%.
For this study, a spectrophotometer (Cary 500i, Varian Inc.) was operated in a double-beam
transmission mode with a spectral bandwidth of 1 nm. First, the spectrophotometer signal range
was calibrated by running two baseline measurements: a 100% transmission baseline with no
cuvette in the beam-path, and a 0% baseline with the detector covered by a thick, black surface.
The output was a relative transmission between the "sample" (a cuvette with 10 mm pathlength)
and the "reference" (a cuvette with a 2 mm pathlength). The natural logarithm of the output
signal was taken to determine the absorption coefficient at each wavelength (fpfA) between 0.3 gm
and 1.6 pm. The results for pp are plotted in Figure 8, as compared to the values reported in
literature by Otanicar et al. [19].
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Figure 8. Spectral absorption coefficient for pure Therminol VP1: a comparison between experimental
results and values* reported by Otanicar et al. 118].
In general, there seems to a good agreement between the reported and the experimental
values for the absorption coefficient for VPl. The main difference is the magnitude of the
absorption peak around 0.9 pm, which could be due to a slight variability in the VPl tested. The
experimental data above is plotted with error bars representing the uncertainty in the
measurement. It is evident from Figure 8 that values below 0.01 cm-1 have a relatively high
uncertainty and should not be trusted. An 8 mm difference in pathlength is not enough to deduce
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very small absorption coefficients, giving rise to high uncertainty for wavelengths between 0.45
and 0.85 pm.
(*Otanicar et al. [19] set the values below their measurement capabilities to zero which explains the missing data
points in Figure 8)
2.3 RADIATIVE PROPERTIES OF NANOPARTICLES
2.3.1 Theoretical
The radiative properties of the fluid medium alone would be similar to those of glass, which
would make the pure fluid a poor solar receiver. The absorbing properties of the fluid are
enhanced by the suspended nanoparticles that act to absorb solar radiation in a predictable and
tunable manner. A nanoparticle of diameter (D) has radiative properties which can be well
described by the Rayleigh scattering regime provided that the particle diameter is small
compared to the wavelength of incident light [20]. In other words, the size parameter (a), defined
in Equation 2, must be small even for the biggest particles in suspension.
a = <<1 (2)
The Rayleigh scattering regime also applies to a suspension of polydisperse particles in the limit
of low volume fraction (f, << .01), where the volume fraction of a polydisperse suspension is
equal to the relative volume occupied by the particles compared to the overall suspension
volume:
N(D)dD
0 6 (3)
Under these conditions, the extinction coefficient (#p,A) of the particles is simply related to the
extinction efficiency of each particle (Qext) and the number density of that particle size (N)
fip,A =r Dext4 N(D)dD (4)
The extinction efficiency of each particle in the Rayleigh limit is dependent on the size
parameter and the complex index of refraction (m = (n + iK)/ nf) of that particle in the fluid
medium with a given refractive index (nf) [20]:
m2 -1 ( M22+C2 I jm4 +27m2 +38Qe = 4a m 2 1 + - +M
tm2+21 15 m2 2 2m+3
+-8a4 Re{M (5)
3 (m 2 +2)
This appears to be a complex expression, but it can be greatly simplified if the terms with a
higher order of the size parameter (a) are neglected because this parameter is small in the case of
nanoparticles. From a physical standpoint, when this approximation is made, the amount of
incident radiation absorbed by the nanoparticle is assumed to dominate the amount of scattering
by the particle. Since scattering is neglected, the attenuated light is assumed to be absorbed; thus,
the extinction coefficient will be termed the absorption coefficient from this point forward. This
assumption greatly simplifies Equation 5.
Moreover, the definition of the volume fraction (Equation 3) can be incorporated to provide a
simple expression for the absorption coefficient. Combining Equations 3-5, the extinction
coefficient becomes simply dependent on the optical properties of the particles in suspension and
the total volume fraction:
m 2 -1i 6zfv#" = Im (6)
m 2 +2 A
Therefore, for a given type of particle, the absorption coefficient increases linearly with
increasing volume fraction [21], which is a variable that can easily be tuned.
Figure 9 and Figure 10 illustrate the theory developed above applied to cobalt and graphite
nanoparticles suspended in VP 1. The spectral absorption coefficient (Jp,A) is found from Equation
6 using the wavelength-dependent optical properties (n, K) of bulk cobalt and bulk graphite [22].
The refractive index of VP1 was assumed to be constant for all wavelengths and equal to 1.59
based on information provided by the commercial manufacturer.
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Figure 9. Theoretical prediction of the spectral absorption coefficient (p) for cobalt NPs in VP1, based on
optical properties (n, K) of bulk cobalt [221.
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Figure 10. Theoretical prediction of the spectral absorption coefficient (p) for graphite NPs in VP1, based
on optical properties (n, K) of bulk graphite [221.
Although many approximations were made in order to predict the radiative properties of the
nanoparticles in suspension, the above figures illustrate the following features:
1. Higher values of the optical properties of the particles (n, K) leads to higher absorption
coefficients;
G ra ph f NIs jc. 1
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2. For relatively constant optical properties, the absorption coefficient is inversely related to
the wavelength;
3. The spectral absorption coefficient is linearly dependent on the volume fraction as
predicted by Equation 6.
2.3.2 Experimental
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Figure 11. Schematic representation of the experimental configuration used to determine the spectral
absorption of the NPs in suspension; a double-beam relative measurement was taken to isolate the properties
of the NPs.
To determine the radiative properties of the nanoparticles, the experimental configuration
illustrated in Figure 11 was utilized. A differential measurement technique similar to the one
described for pure fluids was done. However, for this measurement, cuvettes of equal
pathlengths were used, and the output was a measurement of the difference in transmission
between a "sample" of nanofluid and a "reference" of pure VPl. The measurement technique is
similar to the one recently described by Sani [23]. The effect of multiple reflections through a
fluid medium which has different optical thickness is assumed to be negligible (as above). In
addition to this approximation, it is also assumed that the reflection at each glass-fluid interface
is unchanged with the addition of nanoparticles; effective medium theory shows that this
assumption is valid for small volume fractions [24], as was the case in this experiment.
Suspensions of the carbon-coated NPs in VPl with varying volume fractions were prepared,
ranging from 2.5 ppm (fv - 2.5E-6) to 10 ppm (fv = 1OE-6), as seen in Figure 12.
Pure
Figure 12. Suspensions of C/Co NPs in VP1 at varying volume fraction increasing from left (f,= 2.5E-6) to
right (f, = 1.OE-5), as compared to pure VPI (right-most).
The experimental results for the spectral absorption coefficient at three different volume
fractions are plotted in Figure 13. The width of the line represents a 95% confidence interval. An
artifact of the lamp change, between visible and IR, shows up as a distinct jump in the data at
0.8 pm.
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Figure 13. Spectral absorption coefficient (p) of the NPs in suspension at varying volume fractions;
(error is represented by thickness of the line).
By comparing the data above (Figure 13) with Figure 9 and Figure 10, it can be deduced that
the experimental results for the absorption coefficient do not match up well with the theoretical
prediction. The experimental results are on the same order of magnitude as the theoretical
prediction for graphite nanoparticles. Also, the experimental absorption coefficient seems to
decrease with increasing wavelength, but it does not decrease as sharply as theoretically
predicted. The most noticeable distinction is that the experimental absorption coefficients are
relatively flat across the whole spectrum, while theory predicts a sharp peak in absorption for
small wavelengths.
Nevertheless, it should not be surprising that the experimental data does not match the
theoretical prediction; as mentioned at the beginning of this chapter, the theory does not account
for variability in the size and shape of nanoparticles in suspension. Several key differences exist
between the theoretical prediction and the actual nanoparticle suspension which may explain the
mismatch:
1. The theory was developed for perfectly spherical particles, whereas the actual particles
might have an asymmetrical or non-spherical morphology (see Figure 6b)
2. The theory applies to particles in the limit of a vanishingly small size parameter (a),
whereas, large particles or clusters of nanoparticles might be on the same order as the
wavelength of incident light (see Figure 6b)
3. Optical constants used in the theoretical prediction are valid for bulk materials, whereas
nanoparticles are known to exhibit classical and quantum size effects when it comes to
optical properties [25].
Any one (or a combination) of the above reasons should be able to explain the discrepancy. It
would be worthwhile to explore how particle morphology, size and shape can be tuned to
optimize volumetric solar absorption, but that topic is beyond the scope of this study.
It is possible, however, to use the theory outlined above in combination with experiments in a
semi-empirical approach to make some observations about the overall radiative behavior of the
nanofluid in question. According to Equation 6, regardless of the material properties, the
absorption coefficient at a particular wavelength will be linearly dependent on the volume
fraction. Figure 14 illustrates how the absorption coefficient at two representative wavelengths
(0.55 pim and 1.50 pm) can be modeled as linearly dependent on the volume fraction of the
particles in the fluid.
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Figure 14. NP Spectral absorption coefficient (p) at 550 nm and 1500 nm as a function of increasing volume
fraction along with the respective linear fits.
A line of best fit can be determined relating the absorption coefficient to the volume fraction;
this trend holds for all of solar wavelengths. Finally, using the experimentally determined slope
of best fit at each wavelength (MA), the effective absorption coefficient of the nanofluid (peffA)
can be predicted as a function of the volume fraction (by Equation 7).
fieffA = if A + MAfv (7)
2.4 ABSORBED POWER
With the radiative properties well-described by the simple semi-empirical approach discussed
above, the properties of the nanofluid can be adjusted for application in a volumetric receiver.
The goal of adjusting the volume fraction is to maximize the amount of absorbed solar radiation
with minimal nanoparticle material use (i.e. minimum volume fraction). To quantify the amount
of incident radiation absorbed, we define F to be the absorbed power as a fraction of the total
incident solar power with Equation 8.
J I'A exp(-#leff 2H) dA (8)
fI,2 dl
. .............. -
For the purpose of the following study, the spectral intensity (IsA ) can approximated using
Planck's equation for black body radiation at a temperature of 5787 K. It is apparent from
Equation 8 that the fraction of power absorbed (F) will be a function of the height (H) of the
volumetric receiver, and the effective absorption coefficient of the nanofluid (which, in turn, is a
function of the volume fraction). Figure 15 illustrates how the fraction of power absorbed varies
with the height of the receiver. For the case of pure VP 1, the fraction of absorbed power plateaus
around 0.30 as the height of the receiver increases. On the other hand, a VP1-based nanofluid
with a 1 ppm volume fraction of carbon-coated particles absorbs approximately 98 % (F = 0.98)
of the incident radiation at a height of 20 cm.
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fraction versus the height of the receiver; comparing
laden VP1 (f, = 1E-6)
The fraction of power absorbed (F) also varies with volume fraction as illustrated in Figure
16. For a given receiver height, the volume fraction can be increased until F begins to approach
one. Similar curves are obtained for different values of the receiver height; the trend is just
shifted such that a higher volume fraction is needed for a smaller receiver height.
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Figure 16. Absorbed power (F) fraction vs. volume fraction; comparing three difference receiver heights (H).
From the above figures, the volume fraction needed to absorb a specified fraction of the
incident radiation appears to be inversely proportional to the height of the receiver, the two
parameters (f, H) can be collapsed to optimize for the absorbed power in a volumetric receiver.
By setting a numerical value for F in Equation 8, the required volume fraction for a given
receiver height can be iteratively solved. A simple numerical algorithm was implemented in
MATLAB@ (R2008a, The Math Works Inc.) to obtain Figure 17. The figure can be used as a
design guideline for volumetric receivers with heights spanning the range from I mm to 10 m.
For heights below I mm, the distinction between surface and volumetric receivers becomes
blurred, and the volume fraction needed might surpass the dilute limit which was a key
approximation made in the theoretical part of this study. For heights approaching 10 m, the
volume fraction drops to values below 0.1 ppm, approaching the machine precision limit of the
numerical iterative solver. Figure 17 also suggests the volume fraction is predominately
inversely proportional to the receiver height, except for very low volume fractions where the
radiative properties are dominated by the absorptive properties of the pure heat transfer fluid.
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Figure 17. Volume fraction of C/Co needed in VPI to achieve the desired absorbed power (F) as a fraction of
the total incident radiation for a given receiver height.
2.5 SUMMARY
The ability to tune the absorption in a volumetric receiver using the volume fraction of
nanoparticles has been demonstrated using a semi-empirical method to model the radiative
properties of the nanofluid. As will be shown in subsequent chapters, the height of the receiver is
crucial to its heat transfer characteristics and efficiency. Before further analysis is undertaken,
however, it is important to stress the contribution of this chapter using the concept of optical
thickness. The overall optical thickness is the integration of the absorption coefficient along the
path (s) of an individual ray of light, as defined by Equation 9.
S
TS = flds (9)
0
For materials with a relatively higher optical thickness, the penetration depth of incident
radiation is smaller. The optical thickness has a very physically-intuitive meaning in that sense.
By changing the volume fraction of the nanoparticles in suspension, the optical thickness can be
kept constant for a large range of receiver heights; as was theoretically predicted and
experimentally demonstrated in this chapter. Therefore, two parameters (f, and H) were
collapsed into a single meaningful parameter (rH) in terms of the radiative properties of the
nanofluid. In subsequent chapters, the radiative transfer equation will be built on this concept.
............
Chapter 3
3. Modeling Volumetric Receivers: Combined Thermal and
Radiative Model
Modeling both the thermal and the radiative nature of solar receivers can be challenging. The
goal is to solve the radiative transfer equation (RTE) simultaneously with the heat transfer
equation (HTE). The challenge, however, is interfacing these two equations because they are
drastically different by nature: the RTE describes the ballistic transport of photons inside a
medium which has a certain optical thickness, whereas, the HTE describes the diffusion of heat
thru molecular and lattice vibrations [25]. Both of these equations can be thought of as variations
of an underlying transport equation, where the RTE is most useful when the photon mean free
path is comparable to the size of the system, and the heat transfer equation describes transport of
energy carriers when the mean free path is much smaller than the size of the system (such that
Fourier's Law of heat conduction is applicable). To add complexity to the problem, the material
of interest (nanofluid) has a solid and a liquid phase which potentially have different thermo-
physical properties and transport characteristics.
In this chapter, a coupled thermal and radiative model is developed to predict the behavior of
volumetric receivers. Approximations are made and justified based on "order-of-magnitude"
arguments in order to simplify the problem while retaining the integrity of the underlying
physical phenomena. The model is used to predict temperature profiles inside the volumetric
receiver, and estimate the amount of heat loss from the receiver, which will be used to discuss
the efficiency of these receivers in Chapter 5.
3.1 CONSERVATION OF ENERGY: HEAT TRANSFER EQUATION
caOT4
060
qgen T0 0
0 0
0
Figure 18. 1D volumetric receiver model
A simple schematic of the volumetric receiver concept is shown in Figure 18. The fluid is
contained between two parallel plates separated by a variable height (H). The incident solar heat
flux (G,) is transmitted through the enclosing window and absorbed volumetrically by suspended
nanoparticles, resulting in a volumetric heat release. The nanofluid has a density (p), a heat
capacity (cp), and a thermal conductivity (k). The parallel plane geometry for the volumetric
receiver is studied because it simplifies the problem, making the findings easier to understand
and the concepts more applicable to a large variety of geometries.
From an energy balance on a differential element inside the nanofluid, Equation 1 can be
deduced.
aT a 2T
'0Pp k ay2 - Vq, 1
The equation represents a one-dimensional (y-dir) transient heat conduction equation with a
radiative forcing term. Vq, represents the divergence of the radiative heat flux, which results in
volumetric heating from the incident solar radiation, and volumetric heat loss because of thermal
re-radiation from the medium at high temperatures. Throughout the analysis, approximations are
made such that the heat losses from the receiver are overestimated. The following
approximations were made in order to reduce the general HTE to Equation 1:
i) Geometry: The horizontal direction is assumed to be long compared to H
.......... .
ii) Temperature: the nanoparticles are assumed to be at the same temperature as the
surrounding medium. This approximation is justified in Chapter 1 (also by Hunt [6],
and more recently by Buongiorno [26]). High surface to volume ratio of the particles
leads to instant heat transfer to the surrounding medium [6, 8].
iii) Properties:
a. The thermo-physical properties of the nanofluid are assumed to be the same as the
bulk fluid. Recent literature suggests that significant improvements in the thermal
properties of a bulk fluid can be achieved by suspending nanoparticles at certain
volume fractions [27-29], nonetheless, the topic remains controversial since other
researchers claim that there is no anomalous effect [30, 31]. Since the volume
fractions under investigation in this study do not exceed 10-4 (see Chapter 2), on
the basis of effective medium theory [32], the effect can be assumed to be
negligible. This assumption is in agreement with a recent benchmark study on the
thermal conductivity of nanofluids [33].
b. The temperature dependence of the optical and thermal-fluid properties of the
nanofluid is ignored partly because it simplifies the analysis (isolating the
parameters of interest), and partly because there is a lack of tabulated data on the
topic.
iv) Convection and velocity slip:
a. Natural convection inside the nanofluid due to temperature profiles along the y-
direction is neglected because the orientation of the receiver in relation to gravity
is not set. However, natural convection may play a significant role in volumetric
receivers when large temperature gradients are established; this effect is discussed
later, but a rigorous treatment of natural convection is beyond the scope of this
study.
b. The nanoparticles are assumed to stay suspended in the fluid for an indefinite
period of time. They are also assumed to move with the surrounding medium with
negligible velocity slip, which is consistent with the analysis done by Buongiorno
[26].
In this analysis, the following boundary conditions are imposed:
T(O, y) =1T
- k- = -e'(T(t,O)4 - Tamb )- h (T(t,0)-Tame,)
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The temperature of the nanofluid inside the receiver is assumed to be initially at a uniform
temperature, T. The top surface of the receiver (y = 0) is exposed to the ambient, losing heat
through radiation and through natural convection described by a Nusselt number correlation for
turbulent natural convection for a horizontal plate, as recommended by Mills [5].
In order to solve Equation 1, the divergence of the radiative heat flux implies that a solution
of the radiative transfer equation (RTE) must be known a priori to solving the heat transfer
equation. Solving the RTE prior to solving heat transfer equation is not always possible, as
discussed below.
3.2 RADIATIVE TRANSFER EQUATION
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Figure 19. Plane-parallel geometry considered for radiative transport
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As before, a parallel plane geometry is considered when solving the RTE; however, further
simplifications are made:
i) Only one interface between the ambient (nI) and the nanofluid (n2) is considered.
ii) The reflectivity (r) of the top interface (y = 0) is assumed to be zero for angles below the
critical angle (0e= arcsin (ni/n2)), and r = 1 for angles above the critical angle.
iii) The reflectivity of the bottom surface is assumed to be specular and equal to one (i.e. an
ideal reflector).
iv) The scattering from the nanoparticles is small compared to the absorbed radiation; which
is consistent with the small size parameter (a << 1) approximation made in Chapter 2.
Under the approximations made above, the radiative transfer equation (RTE) in the y-
direction (Figure 1) can be written in the form:
dI
=- PAI + 2,A (5)dy
Equation 5 quantifies not only how spectral intensity in the y-direction exponentially decays
according to the extinction coefficient of the nanofluid, but also, how the intensity is augmented
by thermal radiation from the nanofluid at high temperatures. Since scattering is neglected, the
spectral extinction coefficient (pA) is equal to the absorption coefficient (KA), so only one
coefficient (#A) will be used in this analysis.
In principle, a radiative transfer equation (such as Eq. 5) exists for each wavelength, and for
each direction of ballistic transport considered. In order to determine the heat flux at any position
along y in the volumetric receiver, the spectral intensity must be integrated over the entire
spectrum and over all directions (as represented by Equation 6 for the forward propagating heat
flux) [21].
oor/2
qr (y) = 21ff IA cos0sin0d dA (6)
0 0
Moreover, the source term, as represented by (IbA), is a strong function of the temperature which
complicates the solution greatly. Since solar and thermal radiation spectrums are broadband,
simplifications need to be made to reduce the unwieldy number of equations if the power across
all wavelengths is to be considered. To simplify the analysis, the whole spectrum is divided into
two regions as illustrated in Figure 20.
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Figure 20. Spectral dependence of radiative properties separated into two regions (I, II) and approximated
using an average property for each region
Region I represents wavelengths smaller than 2 pm, while Region II wavelengths greater
than 2 pm. Within each region, a gray medium approximation is used [21], so that the absorption
coefficient is equal for all wavelengths in the region (,#A ~#). This approximation is
surprisingly valid for the nanofluid considered in Chapter 2, as can be seen from the relatively
flat absorption across the entire solar spectrum.
The RTE is solved for each region using the definition of the optical thickness for a gray
medium (Equation 7):
-Ts = #ds (7)
0
As the optical thickness increases, the mean free path of photons is reduced and approaches the
black body limit. The optical thickness is a critical parameter in solving the RTE. In this study,
four solutions to the RTE are considered (as shown in Figure 21).
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Figure 21. Separation of the radiative transfer equation (RTE) into four cases, each with a different solution
For Region I, the solution can be separated into two cases: the attenuation of collimated
radiation incident from the sun, and the diffuse thermal re-radiation from the nanofluid medium.
For Region II (i.e. mostly IR), two trivial cases are considered: first, the fluid medium is
considered transparent (E = 0) and does not emit in the IR, or conversely, the fluid is a black
body radiator (e = 1). The amount of power that is represented by each region is a function of the
temperature; this function can be determined so that a balance of energy can be orchestrated (in
the numerical sense).
Unfortunately, the RTE can only be solved a priori for the two trivial cases (Region II), and
in the relatively simple case of the incident solar radiation (in Region I); the solution for the
thermal re-radiation at high temperatures depends on the temperature profile which is unknown.
The following sub-section illustrates how the RTE is solved in the case of incoming solar
radiation. Later, approximations and numerical simplifications are incorporated to solve the
problem of thermal re-radiation so that it can be incorporated in an explicit numerical scheme.
3.2.1 Solar Heat Flux: Volumetric Heat Gain
Solving the RTE for the incident solar radiation is very important because it dictates the
distribution of the volumetric heat release inside the receiver. Several solutions are possible
depending on the magnitude and the spatial distribution of the local optical thickness in the
receiver. Depending on the volume fraction of the NPs, the incident radiation could be attenuated
within one pass of the receiver, or within two-passes of the receiver. The distribution of the
particles can also be non-uniform due to sedimentation or external forces on the NPs.
For the case of incoming solar radiation, Equation 5 can be explicitly solved. Equation 6 can
be simplified to give Equation 8 because solar radiation can be approximately treated as a
collimated light source owing to its small (near-normal) angle of incidence [21].
J'(y) = Ge-' (8)
The incident solar heat flux (Gs) exponentially decays inside the receiver depending on the
optical thickness (-r). This decay in the solar heat flux can be modeled as a volumetric heat
release (qgen) to the nanofluid. The volumetric heat release is found by taking the divergence of
the heat flux along the path of the beam (in this case, the divergence is simply a derivative with
respect to the y-dir since the radiation is assumed normally incident).
qgen () =Ge-' (9)dy dy
J represents the radiative feat flux. The optical thickness is dependent on the absorption
coefficient. The absorption coefficient, in turn, can be modeled as linearly dependent on the
volume fraction (f,). The linear dependence comes from the analysis done in Chapter 2 and from
the gray medium approximation (where M represents some material constant which is assumed
constant across Region I).
fi=Mf,(y) (10)
To illustrate this concept, two different volume fraction distributions are considered: a constant
volume fraction, and a linearly increasing volume fraction.
3.2.1.1 Homogenous Particle Distribution
If the nanoparticles are uniformly suspended and distributed inside the fluid receiver, the
volume fraction will be constant in the y-dir:
f,(Y) = T H v
The parameterfv" represents the volume fraction needed to achieve an optical thickness equal to
one for a given receiver height (H), as seen in Equation 12.
1= Mf"H (12)
From Chapter 2, it was shown that the volume fraction can be adjusted for most receiver heights
such that a desired fraction of the incident solar power is absorbed. This concept is applied to our
analysis below. In this section, F is set to 0.98, so that 98% of G, is absorbed either within one
pass of the solar receiver, or within two passes of the solar receiver (utilizing the ideal reflector
at y = H). To absorb 98% of the incident solar radiation (Gs) within two passes of the solar
receiver (2H), the optical thickness of the receiver needs to be set to two (TH= 2), by adjusting
the volume fraction according to Equation 11. Figure 22 illustrates the volume fraction
distribution, the radiative flux in the positive y-dir (J) and the negative y-dir (f), as well as the
resulting volumetric heating inside in the receiver. The contributions of the forward and
backward propagating radiative fluxes to the total volumetric heat release are illustrated by the
dotted blue line.
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Figure 22. Homogenous particle distribution with Tn=2 : a) Volume fraction distribution, b) Radiative heat
flux, J (+ incident, - reflected), c) Resulting volumetric heat generation (qgen - red).
The same approach is taken in order to predict the volumetric heat release profile if the
optical thickness is set to (rH = 4), such that 98% of the incident solar radiation is attenuated
within one pass of the receiver (as illustrated in Figure 23).
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Figure 23. Homogenous particle distribution with TH=4 : a) Volume fraction distribution, b) Radiative heat
flux, J (+ incident, - reflected), c) Resulting volumetric heat generation (qg,. - red).
When the two volumetric heat release profiles are compared, it is clear that a smaller optical
thickness will result in a more uniform distribution of heat released inside the receiver. The result
for the case of uniformly suspended particles inside the volumetric receiver might have been
anticipated without solving the radiative transfer equation. However, if the particles are not
evenly distributed, such that the volume fraction might be a function of y, the RTE is useful in
predicting the heat release profile.
3.2.1.2 Linearly Increasing Particle Distribution
Considering the case of a linearly increasing volume fraction described by Equation 13:
f,(y)= -H2fv (13)H
The overall optical thickness of the nanofluid can still be set such that 98% of solar radiation is
attenuated either within one pass of the receiver (TH = 4), or within two passes of the receiver
with a reflection from the bottom surface (rH = 2). Figure 24 shows the volume fraction
distribution, the radiative heat flux in the forward-propagating and the backward-propagating
direction, and the corresponding heat release profile.
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Figure 24. Linearly increasing particle distribution with T1 =2: a) Volume fraction distribution, b) Radiative
heat flux, J (+ incident, - reflected), c) Resulting volumetric heat generation (qge. - red).
The linearly increasing volume fraction of the medium results in a heat release profile which is
dramatically different than for the case of the uniform medium. The profile does not decay
exponentially like before; it grows almost linearly until a peak is achieved, where it levels out.
This trend is also apparent for a one-pass absorber (ir -= 4).
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Figure 25. Linearly increasing particle distribution with TH= 4 : a) Volume fraction distribution, b) Radiative
heat flux, J (+ incident, - reflected), c) Resulting volumetric heat generation (qgen - red).
However, in contrast to the two-pass absorber (rH= 2), the heat release profile of the one-pass
absorber (rH= 4) does not level out toward the bottom of the receiver.
Thus, the reflection from the bottom surface and the resulting backward-propagating heat
flux has a significant contribution to the heat release profile when the overall optical thickness of
the medium is smaller, such as in the case of the two-pass receiver.
3.2.2 Thermal Re-Radiation: Volumetric Cooling
As mentioned above, in order to solve the radiative transfer equation for thermal re-radiation
from the volumetric receiver, knowledge of the temperature profile is required. However, the
temperature profile is not known until the HTE is solved and therefore, these two equations
usually require an iterative solution technique. The solution to the volumetric re-radiation
problem only becomes important as the temperatures begin to exceed 900 K, as deduced from
Figure 26.
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Figure 26. Fraction of total black body spectrum (PF) emitting at wavelengths below 2 pm.
If the temperature of the fluid medium exceeds 1400 K, radiative heat loss to the
environment begins to dominate. Nonetheless, it is usually undesirable to operate at these high
temperatures because the efficiency of the receiver sharply drops off with temperature.
Moreover, in a practical sense, the material compatibility of the fluid and the nanoparticles and
their stability at these high temperatures is questionable. VP1, for example, begins to
significantly pyrolyze at temperature above 700 K [34], while the usable range for molten salts
does not typically exceed 1250 K [35]. Because of these practical limitations, an approximate
treatment of thermal re-radiation may be suitable. In this study, the thermal re-radiation is
treated as a volumetric heat loss, governed by Equation 14.
2,r n 2T 4 0 fly #(2H-y)q10,(y,T) = PF(T) H (e cs* +e cos )cos sinOdO (14)
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The above equation represents the amount of radiative heat flux that escapes the volumetric
receiver as a function of the temperature and the location inside the receiver. This escaping
radiative heat flux is normalized by the height of the receiver in order to find a volumetric heat
loss. In essence, Equation 6 is solved to find Equation 14, but it is not integrated over the entire
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height of the receiver. It should be cautioned that this equation does not accurately capture the
radiative transport from one location inside the receiver to another location; it only accounts for
the amount of radiation that is lost to the surroundings; equivalently, thermal re-distribution
inside the receiver is assumed to be dominated by conduction. This approximate solution is only
useful when volumetric re-radiation is not the dominant form of heat loss, thus, for temperatures
below 1400 K.
3.3 NUMERICAL SCHEME
The approximations discussed in the above sections lead to Equation 15.
aT D2T
pc -= k 2 + q,(y) - 1OSS(y, T) (15)
at Dy2
This equation represents one-dimensional transient heat conduction equation with a
volumetric heat gain term that is only dependent on y, and a volumetric heat loss term that is
dependent on both y and the temperature. The approximations made thus far have greatly
simplified the complexity of the problem. Nevertheless, this problem cannot be solved
analytically because of the temperature dependent heat loss from the top surface and from inside
the nanofluid itself (further simplifications need to be made to solve this problem analytically, as
discussed in Appendix 1).
Equation 15 can be re-arranged and recast such that the left-hand side of the equation is
simply a first-order derivative with respect to time, as seen in Equation 16. The second-order
derivative with respect to y on the right-hand side of the Equation 15 is solved using a central-
difference scheme.
= function (t, T) (16)
at
In doing so, the above equation holds for any location along the y-direction. Therefore, the
original partial differential equation has been successfully re-arranged such that only an ordinary
differential equation needs to be solved at every discretized point along the y-direction. The
beauty of the expression above is that it can easily be solved using the Runge-Kutta 4th-order
method [36], which is regularly used to solve first-order ordinary differential equations with a 4th
order accuracy with respect to a Taylor expansion.
This numerical method is implemented using a MATLAB code that discretizes the y-direction
into N points, and then explicitly steps in time while solving the central difference scheme to
find the temperature profiles at any instance in time. Since this as an explicit numerical scheme,
it is important that the magnitude of the time step does not exceed the maximum time step
allowed by the CFL condition. Furthermore, it was found that increasing the number of
discretizations above 100 points along the y-direction did not alter the temperature profile by
more than .01 K, so N was set to 100 in the numerical simulations.
3.4 MODEL RESULTS: TEMPERATURE PROFILES
The main parameters that can be varied include: height (H), concentration (C), particle
distribution (f(y)), and the overall optical thickness (TH). All of these parameters affect the final
solution, but the shape of the temperature profiles is most noticeably affected by the particle
distribution because it dictates the shape of the volumetric heating. The other parameters, such as
height and concentration, have a significant influence on the efficiency of the volumetric solar
receiver, but this will be discussed further in Chapter 5. In this section, the height (H) of the
receiver is set to 1 cm, the concentration (C) is set to 40 (Gs = 40 kW/m2), and typical values for
the thermo-fluid properties of Therminol VP1 at room temperature are used (k= 0.1357 W/mK;
p = 1060 kg/m 3; cp= 1570 J/kgK). Also, the optical thickness of Region 1I is set to infinity, such
that the fluid is a black body radiator in the IR.
3.4.1 Homogeneous Particle Distribution
Figure 27 illustrates the developing temperature profiles over time for the case of a uniform
particle distribution, which absorbs 98% of the incident radiation within one pass of the receiver.
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Figure 27. Developing temperature profiles for a uniform particle dispersion and a TH= 4 .
At first, the temperature profiles closely resemble the heat release profile for this case.
However, as the profiles evolve over time, an inverted 'S'-shape profile is developed. The
gradient at the top of the receiver is dominated by the heat loss from the top surface, while
volumetric heating dictates the profile towards the bottom of the receiver. As the temperature of
the nanofluid transitions into the high temperature region (above 900 K), the medium begins to
re-radiate and the temperature profiles begin to smoothen; in other words, any 'hot spots' inside
the fluid will re-radiate more intensely so the profile begins to level out. Figure 28 illustrates
how the location of maximum temperature changes with time by tracking the temperature
evolution at three locations.
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Figure 28. Temperature at three locations along the height of the receiver as a function time.
The temperature at the top of the receiver (y = 0) is initially the greatest but it quickly
asymptotes to its steady state value, allowing the temperature inside the receiver to surpass the
surface temperature.
Linearly Increasing Particle Distribution
In this sub-section, the case of a linearly increasing particle distribution, that captures 98% of
the incident radiation within two passes of the receiver, is considered. As was discussed above,
the changing optical thickness gives rise to a maximum in the volumetric heat release profile
inside the receiver. The resulting evolution of temperature profiles for this type of volumetric
receiver is shown in Figure 29.
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Figure 29. Developing temperature profiles for a linearly increasing particle distribution and a TH=2.
As before, the initial temperature profiles closely match the heat release profile. However, unlike
the case before, the temperature is always lowest at the surface (y = 0) as compared to the
temperature at the mid-point or at the bottom of the receiver. No inversion of the temperature
profile occurs, as seen in Figure 30.
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Figure 30. Temperature at three locations along the height of the receiver as a function time.
3.4.2
Over the same period of time, a much higher temperature inside the receiver is achieved for the
case of the linearly increasing particle distribution. This implies that this type of receiver is more
efficient at capturing the incident solar radiation leading to potentially higher receiver efficiency,
as will be discussed further in Chapter 5.
The coupled radiative and thermal model developed in this chapter is a relatively simple and
flexible way of capturing temperature and spectrally dependent properties which are
characteristic of solar receivers. The model can also be easily adapted to surface-based receivers
while maintaining the same spectrally dependent properties. It captures the important physical
phenomena across a large range of temperatures, and can be used to predict the effect of varying
geometrical and radiative characteristics of the system on the receiver efficiency. However,
before further comparisons are made between different types of receivers, a proof-of-concept
experimental study is presented in Chapter 4 in order to validate the model derived in this
chapter and give it a physical basis.
3.5 SUMMARY
In this chapter, a numerical model combining the radiative transfer equation with the
transient heat transfer equation for one-dimensional heat conduction was developed. The
spectrally-dependent radiative properties of the nanofluid were captured using a gray medium
approximation for two regions of the spectrum, below and above 2 pim, respectively. For
wavelengths below this cut-off wavelength, the absorption coefficient of the nanofluid was
modeled as linearly dependent on the volume fraction. The radiative transfer equation was solved
for incident solar radiation in this spectral region. The effect of changing the volume fraction and
the distribution of the nanoparticles in suspension gave rise to different heat release profiles.
These heat release profiles were used to solve the heat transfer equation. The heat losses from the
receiver was modeled differently depending on the spectral region: above 2 pm, the nanofluid
was assumed to be a black-body radiator, emitting from the top of the receiver only; below 2 pm,
thermal radiation from the particles at high temperatures was modeled as volumetric cooling
from within the receiver. The volumetric cooling term, being highly dependent on the spatial
distribution of the temperature (an unknown quantity), was approximated so that the numerical
scheme could be implemented without iteration. The resulting heat transfer equation was solved
with an explicit central-difference scheme using the Runge-Kutta 4th order time-stepping method.
The numerical method, implemented in MATLAB, was fast and flexible.
Chapter 4
4. Experimental Validation
Solar thermal power generation technologies are usually built on very large scales, partly
because they need a large amount of land to collect and concentrate the incident solar light, and
partly because their economic feasibility mandates a large installation. Replicating the
operational conditions in a lab setting is practically impossible. Out in the field, solar receivers
face constant fluctuations in incident radiation (namely because of passing clouds), as well as
strong winds, rains, and sometimes even sand storms. Experimentally, one of the biggest
challenges is trying to mimic the incident solar radiation. While specialized light source have
been developed, such as the one used in this study, achieving high concentration levels (C> 100)
is still out of reach.
The goal of this experimental study was not to replicate the environmental conditions and
solar concentration levels that would be typical of a central-receiver design in the field, but to
experimentally demonstrate the concept of a nanofluid-based volumetric receiver. In that sense,
this chapter will present a simple proof-of-concept study to give a physical basis for the analysis
done in other chapters. In the following sections, the design of an experimental setup to test the
volumetric absorption in nanofluids will be discussed. Experimental considerations that limited
this type of experiment to a very low-concentration, low-temperature study will also be
discussed. Results in the form of developing temperature profiles inside the nanofluid will be
compared to the model developed in Chapter 3.
4.1 EXPERIMENTAL DESIGN
SUPERSTRUCTURE
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Figure 31. Schematic of volumetric receiver experimental set-up.
Figure 31 illustrates the main components of the setup, including the solar simulator, beam-
down mirror, volumetric receiver, thermocouple array and data acquisition system. A coordinate
system is defined in the above figure with the origin placed at the output of the solar simulator.
The centerlines of the volumetric receiver and the beam-down mirror were aligned with the x-y
plane by adjusting the placement of the superstructure along the z-direction. The total distance
between the output of the solar simulator and the top of the volumetric receiver (s) was adjusted
by moving the stage in the x-direction.
A thick-walled cylinder was machined to hold the nanofluid; the cylinder (or nanofluid test
chamber) is illustrated in Figure 32. The chamber was made out of PEEKTM because of its low
thermal conductivity (0.240 W/m2K), and high temperature stability (230 *C). This was
considered an important characteristic of the nanofluid chamber because the aim was to suppress
heat loss to the environment. The chamber was also designed with two side flanges and two
rectangular windows, so that an observer can view the nanofluid during an experiment.
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Figure 32. Nanofluid test chamber
Two flanges were used to tighten the interchangeable optics to the top and bottom of the
cylinder and seal the nanofluid inside. A high-purity quartz window (1357T33, McMaster) was
sealed in contact with the top surface of the cylinder; while the bottom surface was sealed using
an enhanced aluminum mirror (NT46-616, Edmund Optics), acting as a reflector. The spectral
transmissivity of the quartz window was measured using a spectrophotometer (Cary 5E, Varian
Inc.); when the transmissivity was weighed by the solar simulator spectrum, the resulting
transmission was 0.926.
Temperature measurements were taken using type-K thermocouple probes (KMQXL-062G-6,
Omega); the probes extended to the centerline of the receiver and were spaced 1 cm apart along
the height of the receiver. The thermocouple probes were calibrated using a temperature-
controlled bath with 0.05 C resolution (RE-207, Lauda-Brinkmann); the total uncertainty in the
temperature measurements was estimated to be ± 1.2 K.
The temperature output from the thermocouples was read by a data acquisition block (SCB-
68, National Instruments), and recorded using a Virtual Instrument running the LabVIEW 8.5
programming environment (National Instruments). The analog input was sampled at 500 Hz; the
500 samples were averaged to give a temperature reading every second.
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4.1.1 Solar Simulator
A 1.6 kW solar simulator (SS 1600WFully Reflective, Sciencetech Inc.) was used as the solar
heat source for the experiments. The spectral power output of the solar simulator is shown in
Figure 33. For purposes of comparison, the output spectrum is plotted against a normalized solar
black body spectrum which has been used throughout the study thus far. The solar simulator
matches with the AMI.5 spectrum quite well, meeting ASTM Class A standards for spectral
match, temporal stability and spatial uniformity.
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Figure 33. Spectrum of Sciencetech SS1.6kW solar simulator vs. Solar black body spectrum.
The divergence of the radiation emanating from the solar simulator was estimated by the
manufacturer to be approximately 5 degrees. The divergence of the beam resulted in a portion of
light to be incident on the side walls of the cylinder. Since this effect was not captured by the
model developed in Chapter 3, a 90-degree off-axis parabolic mirror (NT63-191, Edmund
Optics) was used to try to correct the divergence and focus the light away from the side walls.
Unfortunately, the uniformity of the focused beam was greatly deteriorated by the parabolic
mirror, so it was decided not to use this type of mirror for the initial experiments. A flat
enhanced-aluminum mirror (NT32-666, Edmund Optics) was used instead. The mirror was
oriented at a 45-degree angle in relation to the output of the solar simulator.
As part of the calibration, the total amount of power "downstream" of the beam-down mirror
was measured with a power meter and thermopile detector (1918-C and 818p, Newport Optical).
The solar simulator and the detector were allowed to continuously run for 30 minutes before this
measurement was taken. Since the beam was diverging, the intensity of incident radiation on the
receiver was dependent on the distance (s) away from the solar simulator. Although it would
have been useful to decrease the 11 distance to increase the intensity, the uniformity of the beam
was also dependent on s because of the optical configuration of the solar simulator. The
uniformity was estimated by measuring the intensity at nine different locations inside the beam
spot size (at 1 cm increments in the x-dir and z-dir from the beam center). The measured intensity
at one wavelength (,I = 1064 nm) was then converted to a radiative heat flux using the simulator
spectrum and the spectral sensitivity of the power detector. The average radiative heat flux as a
function of the distance away from the output is shown in Figure 34; the error bars at each
location represent the uncertainty in the measured flux. If the uncertainty of the input power is
restricted to 10% of the average heat flux, then the corresponding maximum concentration is
approximately 2.8 Suns.
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Figure 34. Radiative heat flux vs. the distance from the Solar Simulator output.
A single distance (s = 54.7 cm) was used throughout the experiments. Since this distance was
outside the measured calibration range, the radiative heat flux was estimated using the
exponential fit in Figure 34. The uncertainty in the radiative heat flux was also assumed to be
exponentially increasing. Using the window transmission computed above, the resulting radiative
heat flux incident on the nanofluid was approximately 2620 ± 184 W/m 2. Based on the receiver
area, the total amount of power incident on the nanofluid (Qss) was approximately 7.07 ± 0.6 W.
It would have been preferable to operate at higher levels of concentration but the non-
uniformity of the radiative heat flux increased sharply as the distance from the simulator output
was reduced. Since it was considered important that the uncertainty in the input signal was
relatively small (below 10%), this precluded the experiments from being conducted at higher
radiative heat fluxes.
4.1.2 Sample Preparation
As in Chapter 2, the suspensions studied were prepared using carbon-coated cobalt
nanoparticles (NanoAmor Inc.) suspended in Therminol VPl (Solutia Inc.). The nanoparticles
readily dispersed and suspended in Therminol VP 1 after 30 minutes in a sonicating bath.
The volume fraction of the particles was tuned based on a spectral coefficient (pA) and the
simulator spectrum such that 98% (F = 0.98) of the radiation is absorbed. To determine the
volume fraction needed, the semi-empirical approach discussed in Chapter 2 was taken. As
illustrated in Figure 35, for a 7 cm high receiver, the corresponding volume fraction is 3.7 ppm.
Because of the low volume fraction required, a high volume fraction suspension was initially
prepared (f=0.001); then, it was diluted with VP 1 to get the needed volume fraction.
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Figure 35. Volume fraction required for 98 % absorption based on 1.6kW SS spectrum.
Figure 36 shows how the solar simulator spectrum is attenuated within one pass of the
volumetric receiver. Alternatively, the reflective bottom surface can be utilized to reflect the
incident radiation such that practically all of the radiation is absorbed within two heights of the
receiver ("two-pass" receiver). In this case, the appropriate receiver height is 14 cm, and a
volume fraction of 1.8 ppm was prepared. Both types of volumetric absorption were investigated
in the following experimental study.
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Figure 36. Spectral attenuation of incident radiation along the y-direction for the "one-pass" receiver.
4.1.3 Methodology
To ensure that the 1.6 kW xenon lamp was warmed-up, the solar simulator was turned on and
run continuously for 15 minutes before any temperature readings were taken. During this time,
the simulated solar radiation was blocked from the receiver using a radiation shield. The
recording period was initiated at the instant the radiation shield was removed.
Seven temperature measurements along the 7 cm receiver height were measured
simultaneously. The temperature profile measurements were taken over a period of 15 minutes.
As mentioned above, the data acquisition system was used to record the temperature reading of
each thermocouple.
4.2 EXPERIMENTAL RESULTS
Since the radiative heat flux was relatively low, the change in temperature was
correspondingly small. As seen in Figure 37, over a 15 minute period, the average temperature
inside the receiver increased by approximately 6 K.
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Figure 37. Experimental mean temperature as a function of time for a "one-pass" receiver (error represented
by band thickness), along with a lumped capacitance parametric fit (R2 = 0.991).
The dashed yellow line represents as "ideal" receiver which would theoretically convert all
of the incident solar radiation into thermal energy stored inside the nanofluid. The observed
thermal response of the actual receiver is characteristic of a lumped capacitance system
undergoing transient heating due to a constant heat flux [5], which for this application is
represented by Equation 1.
Te - T = Q,,R, (1 - e t/ R,0 C,, 1,
Rtot represents the effective thermal resistance between the nanofluid and the environment;
while Crot is a lumped heat capacitance representing the receiver. Although this is a very crude
model since it ignores the temperature gradients inside the nanofluid and the container, when this
model was fitted to the experimental data above, 99% of the variance was accounted for (R2).
Similarly, the experimental results for a "two-pass" receiver are shown in Figure 38 along with
the corresponding parametric lumped-capacitance thermal model.
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Figure 38. Experimental mean temperature as a function of time for a "two-pass" receiver (error represented
by band thickness), along with a lumped capacitance parametric fit (R2 = 0.990).
In both cases, the lumped thermal capacitance model predicted the thermal response of the
system very well (R2 > .99). It is apparent that the two fits are relatively similar; however, the
maximum achievable change in temperature (when the exponential term decays to zero) was
higher for the case of the "two-pass" receiver then for the "one-pass" receiver. This maximum
achievable temperature change (which will be referred to as stagnation temperature in
Chapter 5), is an indication of which receiver is more efficient.
The above fits are also useful in providing information about the heat capacity of the
receiver. Since the amount of heat supplied to the receiver (Qss) was measured, the parametric fit
can be used to estimate the overall thermal resistance, Rtot and lumped capacitance, Ct,,. Table 1
shows the computed values based on the above fits.
Table 1. Computed parameters characteristic of a lumped capacitance thermal model
Receiver Type Thermal Resistance, Rtot Lumped Capacitance, Cr0t
[K/W] [J/K]
One-pass (f = 3.67 ppm) 0.948 (0.874 - 1.04) 468 (429 - 508)
Two-pass (f = 1.76 ppm) 1.07 (0.985 - 1.17) 532 (486 - 577)
The amount of nanofluid that was used in this experiment was 200 ml, giving the
nanofluid a thermal capacitance of approximately 333 J/K. However, the values for lumped
thermal capacitance in Table 1 are much greater than the thermal capacitance of the nanofluid.
This is an indication that a significant portion of the incoming radiative heat flux was used to
heat the container walls. The three-dimensional nature of the side-wall effect makes comparison
with the one-dimensional numerical model challenging. Nevertheless, the shape of the measured
temperature profiles can be compared with the numerical model if the predicted temperature
profiles are scaled by the experimentally determined receiver efficiency as a function of time.
The underlying assumption made in this type of comparison is that all of the radiative power
which does not result in imparting a change in the nanofluid temperature is lost through the side-
walls. This estimation is based on the assumption that the temperature profiles are uniform along
the radial direction of the cylinder.
4.3 COMPARISON TO MODEL
Figure 39 and Figure 40 show the temperature profiles measured using the experimental
setup described above. Although the temperature was continuously recorded, the figures show
temperature readings taken at 15, 60, 300, 600 and 900 seconds; the uncertainty in temperature
readings was ± 1.2 "C (omitted from the graphs to avoid cluttering).
To predict the heat release functions on the left, the procedure outline in Chapter 3 was
performed using the experimentally determined extinction coefficients and the solar simulator
spectrum, shown in Figure 39. This empirically predicted heat release function was used in the
numerical model to solve for the developing temperature profiles under the experimental
conditions. The numerically predicted temperature profiles are illustrated in dark gray.
o 0 00'
0.2- 0.2 / v
' if~
0.4 0.4
0.6 0.6 t=15s
,I t=60s
0.8 -. 8 -- t=300s *-t=300s
-- t=600 s -+t 600 s
- t=900 s *t 900s
0 5 0 5 10 15 20
q T-TI [*C]
Figure 39. Heat release function (left) and temperature profiles (right): for the "one-pass" receiver:
experimental (green), numerical model (dark gray).
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For the case of full absorption within one pass of the receiver, the numerical model predicts
the developing temperature profile reasonably well. The general shape of the profiles reflects the
decaying nature of the heat release function. In general, the model underpredicts the temperature
at the surface of the receiver; however, the model does not take into account the diverging nature
of the solar simulator radiation. Within the height of the receiver (7 cm), the beam approximately
doubles in spot size. This experimental artifact leads to higher concentrations near the top of the
receiver and subsequently, higher surface temperatures than predicted. The influence of the
diverging radiative source has an even more pronounced impact in the case of full absorption
within two passes (Figure 40). The predicted temperature profiles underestimate the temperature
toward the top of the receiver, while overestimating the temperature closer to the bottom. If the
heat release profile was computed using the already decaying radiative heat flux, as seen in
Figure 34, the temperature profiles might match more closely.
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Figure 40. Heat release function (left) and temperature profiles (right) for the "two-pass" receiver:
experimental (blue), numerical model (dark gray).
Nevertheless, there is an experimentally-determined difference between the one-pass and the
two-pass receiver. The temperature at the top of the two-pass receiver is approximately 3 degrees
smaller than the one-pass receiver, and the overall temperature profile has less curvature. This
observation should translate to a higher efficiency of the two-pass receiver when the losses from
the top of the receiver begin to dominate. In this experiment, unfortunately, the temperatures
were relatively low and the heat losses from the nanofluid were dominated by the heat loss to the
sides of the container.
These experimental results can be interpreted as proof of the volumetric receiver concept. In
the future, higher concentrations and better control of the heat losses will be implemented. Also,
controlling the distribution of the particles inside the volumetric receiver will be explored.
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4.4 SUMMARY
In this chapter, an experimental setup was designed to test nanofluid-based volumetric
receivers. A Class-A solar simulator was used to replicate the incident solar heat flux. Carbon-
coated cobalt nanoparticles were suspended in Therminol VP1 to make a volumetrically
absorbing heat transfer fluid. Two volume fractions of the suspension were prepared
corresponding to a one-pass (98% of radiation absorbed in a single receiver height) and a two-
pass receiver (98% of radiation absorbed in twice the receiver height). A cylindrical receiver
was machined to seal the nanofluid between a quartz window and a reflector, while allowing
thermocouple probes to extend to the centerline. The temperature profiles along the height of the
receiver were measured using an array of thermocouples.
A constant radiative heat flux supplied by the solar simulator was used to experimentally
probe the receiver. The mean thermal response of the nanofluid-based volumetric receiver was
characterized using a lumped thermal-capacitance model. The model was fitted to the
experimental data to determine the effective resistance and lumped capacitance of the receiver.
The two different types of receivers had experimentally measurable differences in the
temperature profiles and the overall thermal response of the system. The two-pass receiver was
found to distribute the radiative heat flux more evenly, leading to a slightly higher stagnation
temperature.
The developing temperature profiles along the height of the reciever were compared to the
profiles predicted by the numerical model in Chapter 3. The shape of the profiles was in good
agreement considering several limitations in the experimental setup, including non-uniformity
and divergence of the radiative source.
The contributions of this experimental study are mostly rooted in the fact that it applies the
concepts developed in Chapter 2, and it also provides a physical basis for the numerical model
developed in Chapter 3. In subsequent chapters, the numerical model will be used to investigate
the effect of concentration, height and material properties on the efficiency of the receiver.
Chapter 5
5. Discussion: Design and Optimization of Volumetric
Receivers
Volumetric receivers promise to be an efficient method of capturing concentrated solar
radiation and transferring the captured thermal energy to a fluid. Previous studies of volumetric
receivers have suggested that certain improvements over surface-based receivers can be
achieved, but the benefits remain un-quantified. A potential reason for this lack of clarity is that
the modeling of volumetric receivers is much more complicated than surface-based receivers.
The objective of this chapter is to use the model developed in Chapter 3 to do the following: a
parametric study of volumetric receivers, an optimization of the volumetric receiver design, and
a comparison of volumetric receivers and surface-based receivers.
Ideally, this comparative parametric study would be conducted experimentally, but this kind
of comparison would be very time-consuming and expensive, and hence, beyond the scope of
this study. Since the proof-of-concept experimental study discussed in Chapter 4 has been used
to validate the model developed in Chapter 3, the numerical model is used to predict the behavior
of volumetric receivers beyond this experimental study.
In this chapter, the effects of the following parameters on the receiver efficiency are
examined: concentration (C), receiver height (H), overall optical thickness (rH), particle
distribution, and selectivity (E in the IR). A volumetric receiver design is compared to a surface-
based receiver, and finally, the exposure time (texp) is optimized for maximum overall power
conversion efficiency (qtot). The chapter aims to provide a helpful starting point for future
volumetric receiver designs.
5.1 RECEIVER EFFICIENCY
The efficiency of a solar thermal receiver is the ratio of collected thermal energy to the total
incident energy, as defined by Equation 1.
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This equation represents stationary receivers undergoing transient heating. This equation also
applies to flowing receiver if the exposure time (texp) is replaced by the length of the receiver
divided by its flow velocity (L/U), as discussed in Appendix 1. The receiver efficiency usually
decreases with increasing temperature because of losses to the environment.
A parametric study is done to study what effects geometry and material properties potentially
have in delaying the decrease of efficiency with temperature. Throughout the parametric study
below, a baseline case (represented by the light green line) will be kept constant while other
parameters are varied. The variables used for this base case are the following (same as in Chapter
3):
- Concentration: C= 40, i.e. CG, =1000 C (W/m 2
- Receiver Height: H = 1 cm
- Optical thickness: rH= 2
- Particle distribution: uniform,f,= constant
- Emissivity in the IR (spectral Region II from Chapter 3): EIR 1
The baseline case should help the reader maintain a reference point when comparing the different
effects on the receiver efficiency.
5.1.1 Effect of Concentration
All solar thermal receivers have a steady state, maximum achievable temperature, usually
referred to as a stagnation temperature (Too). At the stagnation temperature, the amount of heat
loss from the receiver is equal to the incident solar radiation, and thus, the efficiency of the
receiver at this temperature is zero. Increasing the amount of concentration incident on a
volumetric receiver has the effect of increasing the stagnation temperature. Higher concentration
levels help the receiver maintain a high efficiency over a wider range of temperatures. In other
words, concentration delays the sharp decrease in efficiency as the receiver asymptotes to its
stagnation temperature, as seen in Figure 41.
1
0.8
C =100
0.6-
0.4-
C= 1 C=10 C =40
0.2
0'
400 600 800 1000 1200 1400
Tv [K]Tave
Figure 41. Receiver efficiency vs. final temperature for varying concentration.
The above figure suggests that the range over which the receiver is efficient can be extended
by increasing the concentration ratio. Because solar radiation is not collimated, a theoretical limit
on concentration exists (Cmax ~ 47, 000) because its angle of incidence is small, yet finite [21].
However, well before this theoretical limit is reached, imperfections in the optics and solar
tracking systems limit the achievable concentration.
The trend of increasing efficiency with increasing concentration is usually reported for
surface-based receivers [37]. In such systems, the surface is typically assumed to be isothermal
with the heat transfer fluid, thus completely overlooking the effect of increasing overheat
temperature with increasing concentration (as discussed in Chapter 1). In reality, for a given
Nusselt number correlation for heat transfer between the absorbing surface and fluid, the
difference between the surface temperature (y = 0) and mean fluid temperature (Tave) will scale
with the concentration (as shown in Equation 2).
CG (2H) (2)T|I~ Tve +2y=0 avek NuDh
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This will be discussed further when surface-based receivers are compared to volumetric receivers
later in this chapter.
5.1.2 Effect of Receiver Height
Changing the receiver height, while keeping the rest of the parameters constant, has an non-
trivial effect on the receiver efficiency. The height of the receiver appears in most of the
dimensionless quantities defined in Appendix 1, so it affects the solution in several ways. Figure
42 shows how the receiver efficiency decreases with increasing receiver height for low
temperatures, and increases with increasing receiver height for higher temperatures.
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Figure 42. Receiver efficiency vs. final temperature for varying receiver heights.
There is a relatively simple physical interpretation of this effect; consider the case of surface-
based receivers: increasing the receiver height will amplify the temperature difference between
the surface temperature and the mean fluid temperature, as shown in Equation 2. The same
applies for volumetric receivers, except the temperature profiles become inverted after a certain
amount of exposure time (see profiles in Chapter 3). Increasing the receiver height hinders the
efficiency while the surface is hotter than the average fluid temperature, but after the profile
inversion occurs, having a larger height will improve the efficiency. This physical interpretation
applies when the losses are dominated by the top surface temperature; if volumetric re-radiation
is dominant, the effect is not as apparent.
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Theoretical and practical limits on the height of receiver are also present. Theoretically, the
optical clarity of the base fluid will limit the height of the receiver. From a practical standpoint,
preventing the degradation of the heat transfer fluid over time will be a significant challenge for
closed loop systems. Also, from a design point of view, larger heights will require longer
exposure times to achieve the necessary change in temperature. If the required change in
temperature is set and the amount of usable solar radiation is limited to one day, then those two
parameters will place an upper bound on the height of the receiver. Increasing the concentration,
on the other hand, will allow for larger receiver heights.
5.1.3 Effect of Optical Thickness
The optical thickness of a nanofluid-based volumetric receiver can be adjusted by increasing
or decreasing the volume fraction of the nanoparticles, as discussed in Chapter 2. Figure 43
shows the effect of optical thickness on the receiver efficiency.
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Figure 43. Receiver efficiency vs. final temperature for varying optical thicknesses.
With increasing optical thickness, a volumetric absorber will more closely resemble a surface
absorber because the penetration depth of the photons will decrease. With shorter penetration
depths, the heat release is localized to the top of receiver where most of the losses occur. This
explains why the volumetric receiver with an optical thickness of four (rH = 4), is less efficient
than the receiver with an optical thickness of two (rH = 2).
On the other hand, a receiver with an optical thickness of one (rH = 1) is also less efficient
than the receiver with rH = 2; if the optical thickness is too small, the receiver is unable to absorb
67
......................... 
all of the incident solar radiation. These trends seem to suggest an optimization problem between
the amounts of solar radiation captured and the distribution of the heat released inside the
receiver. By varying TH and tracking the efficiency, the optimum optical thickness was found to
be approximately two; for simplicity, rH = 2 will be used when comparing volumetric receivers
to surface-based receivers.
5.1.4 Effect of Particle Distribution
The distribution of nanoparticles inside a volumetric receiver could potentially be non-
uniform, either by design or due to particle sedimentation. The particles could be affected by
outside forces, such as an electric or a magnetic field, such that a desired distribution is achieved.
Figure 44 illustrates how the efficiency of a volumetric receiver is improved when a linearly
increasing particle distribution is imposed along the height of the receiver.
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Figure 44. Receiver efficiency vs. final temperature for varying particle distributions.
The physical explanation for this effect is the same as for the effect of optical thickness: the
volumetric heat release away from the top of the receiver significantly reduces the amount of
heat loss from the receiver. At higher temperatures, when volumetric re-radiation dominates, this
effect should not be as noticeable. However, as cautioned in Chapter 3, inferences about the
behavior of this system at high temperatures (> 1400 K) exceeds the capability of the developed
model. The concept of inducing a particle distribution remains relatively exploratory and might
not be practically feasible in a nanofluid because of stability reasons; however, a solid-state
version of a volumetric receiver could be better suited for this concept.
5.1.5 Effect of Spectral Selectivity
Finally, the effect of spectral selectivity is discussed. In the analysis above, the nanofluid
was assumed to be a black body radiator for wavelengths greater than 2 pm (EIR = 1).
Nanoparticles, however, have the potential to be non-absorbing in the IR, or in other words,
exhibit a spectral selectivity [24, 38]. If these selective nanoparticles are suspended or
aerosolized in a non-absorbing fluid, such as air, the resulting nanofluid can be modeled as being
transparent in the IR (EIR= 0). This has the effect of suppressing radiative losses from the top
surface. Figure 45 illustrates how a selective volumetric receiver has higher efficiency than its
non-selective counterpart. Also shown in the figure below is the effect of suppressing convective
heat loss from the top surface; which could potentially be done by sealing the receiver inside a
vacuum layer.
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Figure 45. Receiver efficiency vs. final temperature for different types of emissivity in the IR.
The resulting receiver efficiency seems to approach an 'ideal' behavior, where the receiver
losses are completely eliminated until the fluid begins to volumetrically re-radiate. This figure
illustrates the potential benefits of using selective nanoparticles and motivates future research in
this area.
5.2 OPTIMIZATION OF POWER GENERATION EFFICIENCY
Since the receiver efficiency monotonically decreases with increasing receiver temperature,
an optimization of the receiver efficiency on its own results in a trivial solution. The result of this
premature optimization would indicate that the final temperature should be equal to the initial
temperature of the receiver (or in terms of a flowing receiver: the outlet temperature should be
equal to the inlet temperature, and the receiver length should be zero).
However, it can be argued that the aim of a solar thermal receiver is not only to convert the
incident radiation into thermal energy as efficiently as possible, but also, to achieve the highest
possible temperatures while retaining this high efficiency. The reason for aiming to achieve high
temperatures is clear when a power conversion cycle is put in series with the solar thermal
receiver. The efficiency of the power conversion cycle increases with increasing final (or outlet)
receiver temperature. A logical choice to quantify this increase in power conversion efficiency is
the Carnot efficiency:
c= -amb (2)
Tave
where Tamb represents the ambient temperature outside the power plant (300 K), and Tave is the
mean receiver temperature at the end of the collection period. In practice, a power conversion
cycle such as a steam-Rankine or an Ericsson cycle would not achieve the maximum reversible
(Carnot) efficiency; nevertheless, this deviation from the theoretical maximum could be captured
with a correction factor depending on the actual application. For simplicity, the overall efficiency
of the solar thermal power generation system is defined using Equation 3.
'h0ot =qrecqc (3)
The overall power generation efficiency (rtot), representing a multiplication of the receiver
efficiency with the Carnot efficiency, is a function of the final receiver temperature. The
opposing trends of the two multiplied efficiencies give rise to an optimal overall efficiency
( ,to,"p'). Figure 46 illustrates the effect of increasing the concentration on the overall power
generation efficiency.
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Figure 46. Overall power generation efficiency vs. final receiver temperature for increasing levels of
concentration, (H = 1 cm).
The value for the optimal overall receiver efficiency increases with concentration, but the
effect is less noticeable as higher concentration levels are achieved. Each one of the maxima for
overall efficiency corresponds to a specific exposure time, and a specific final receiver
temperature. Using this methodology, the required exposure time can be set to achieve optimal
overall efficiency; in the case of flowing receivers, the exposure time can be related back to the
receiver length.
From the above figure, it is apparent that the dimensionless exposure time (t* from
Appendix 1) decreases as the level of concentration increases. This implies that the exposure
time (or receiver length) can be decreased by increasing the concentration. This is a useful
observation because in practice, shorter exposure time will result in the ability to store more solar
radiation as thermal energy, or in the case of flowing receivers, it will shorten the length of
collection piping needed.
A similar treatment is done by varying the height of the receiver (H), as shown in Figure 47.
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Figure 47. Overall power generation efficiency vs. final receiver temperature, (C = 50).
The effect of increasing the receiver height is not as obvious as increasing the concentration
level. Initially, the optimal overall efficiency decreases with increasing height, however, if the
maximum occurs in the region where the profile is inverted (as discussed above), rht"' increases
again. For practical reasons, the actual time was shown (instead of t*) because the exposure time
is bound by the available amount of solar radiation in one day. As expected, increasing the
receiver height requires a substantial increase in the exposure time for a set amount of
concentration.
Overall, increasing the concentration has a much more pronounced effect on the value of the
optimal overall efficiency than increasing the receiver height. Nevertheless, this analysis shows
that the standard paradigm for increasing the amount heat transfer (i.e. increasing the flow rate
and minimizing the height) can be broken when volumetric solar receivers are considered. The
flow rate of the heat transfer fluid is de-coupled from the heat transfer mechanism and has little
effect on the effectiveness of the energy conversion process. From a theoretical perspective, this
conclusion suggests that the pumping power can be significantly reduced if volumetric receivers
are used, however, practical implementation of a stationary volumetric receiver might be
challenging. In a stationary receiver, the inversion of the temperature profile which was shown to
be related to increased efficiency might not be possible because it will lead to unsteady free
convection depending on the characteristic Rayleigh number. In flowing receivers, forced
convection could potentially be used to suppress the natural convection.
5.3 COMPARISON TO SURFACE-BASED RECEIVERS
Throughout this study, volumetric receivers have been favorably compared to surface-based
receivers. In reality, surface-based receivers are ubiquitous in solar thermal applications because
surface receiver technology and manufacturing is significantly advanced as compared to
volumetric receivers. In low to mid-temperature applications, surface based receivers are
surprisingly efficient and affordable. The state of the art surface-receivers are also selective;
meaning that their absorptivity in the solar spectrum is 0.90 or greater, while the emissivity in the
IR is on the order of 0.05 or below. Nevertheless, most solar thermal applications today do not
push to achieve temperatures comparable to fossil fuel power plants; a regime which may suit
volumetric receivers.
A fair comparison between surface-receivers and volumetric receivers would involve
comparing a selective surface to a non-selective volumetric absorber, because that would be
representative of the current state of the two technologies. An engineer designing a solar thermal
application can currently decide between these two options; it would be unfair to consider the
added benefits of selective nanoparticles and a non-uniform particle distribution since these
concepts can still be considered exploratory.
In the following analysis, an ideal selective surface with a sharp cut-off wavelength at 2 pm
is considered. The spectral dependence of the emissivity is illustrated in Figure 48:
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Figure 48. Spectral emissivity of an ideal selective surface receiver.
A thermal resistive network is sketched in Figure 49; the incident solar radiation is converted
into heat at the surface and consequently transferred to a heat transfer fluid.
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Figure 49. Schematic of the modeled thermal network for a selective-surface receiver.
Forced liquid convection is assumed as the heat transfer mechanism between the absorbing
surface and the heat transfer fluid. In this study, a Nusselt number of 50 is chosen to quantify the
heat transfer between the absorbing surface and the heat transfer fluid; this represents a relatively
high heat transfer coefficient characteristic of turbulent flows [4]. Also, the thermal resistance
due to conduction through the surface absorber is neglected. These approximations will
overestimate the efficiency of a selective-surface receiver; nonetheless, the goal is to compare an
ideal selective-surface receiver to an ideal non-selective volumetric receiver.
The two receiver types will be compared based on the optimal overall efficiency (77,,,op) for
a given height (H), and concentration (C). In Figure 50, the height of the receivers is kept
constant (H= 1 cm), while the concentration level is varied; the optimum for the overall power
conversion efficiency is found and plotted for both receiver types.
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Figure 50. Optimum overall efficiency comparing surface to volumetric receivers for a 1 cm height; location
of critical concentration value (Cera).
It is immediately obvious that the optimal efficiency for the selective surface receiver
decreases with increasing concentration level because of the overheat temperature between the
fluid and the absorbing surface. On the other hand, the optimal efficiency increases with
concentration level for a non-selective volumetric receiver. Interestingly, this leads to a critical
concentration level (Cit) at which point a volumetric receiver becomes more efficient than a
selective surface. At this crossover point, the benefits of the volumetric heat transfer mechanism
exceed the benefits of surface-selectivity. For a height of 1 cm, the critical concentration level is
approximately 91 Suns.
This crossover behavior is also apparent as the height of the receiver is increased, as shown
in Figure 51:
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Figure 51. Optimum overall efficiency comparing surface to volumetric receivers for C =10; location of
critical height (H,).
The height of the receiver has a relatively small effect on the optimal efficiency of volumetric
receivers; however, it has a significant effect on surface-based receivers. For a set concentration
level, a critical receiver height (Heit) exists, at which point a volumetric receiver design has more
potential than a selective-surface. For a concentration level of 10 Suns, the critical height is
approximately 7.2 cm.
Figure 50 and Figure 51 only provide cross-sections of optimal receiver efficiency with
respect to either a varying height or concentration, while keeping the other variable constant.
Thus, a two-dimensional surface plot could in theory be generated for optimal overall efficiency
as a function of these two variables for both volumetric and the selective surface receivers. The
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intersection of those two optimal efficiency surfaces would lead to a line in the design phase-
space.
Since a numerical scheme is used to solve for the behavior of the receivers as a function of
time, it would be very computationally expensive to generate this type of two-dimensional plot.
Instead, a solution is found for discrete points in the design phase space. Figure 52 is the
culmination of such a numerical analysis; it illustrates which type of receiver can achieve a
higher optimal overall efficiency as a function of concentration and receiver height. A 'Design
Line' is found by estimating the critical concentration and the critical height from plots such as
Figure 50 and Figure 51.
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Figure 52. Design chart depicting which type of receiver should be utilized depending on the concentration
and the height of the receiver.
For higher concentration levels and larger receiver heights, volumetric receivers are clearly
better than surface-based receivers.
Strictly speaking, the above chart is only applicable for Therminol VP 1 under the
approximations discussed in this chapter and Chapter 3. Nevertheless, the analysis developed
above and the numerical scheme presented in Chapter 3 can quickly be implemented for other
heat transfer fluids in order to guide the design, and the decision-making process for a
concentrated solar thermal application.
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5.4 SUMMARY
In this chapter, the efficiency of volumetric receivers was discussed. The effects of height,
concentration, optical thickness, particle distribution and selectivity were considered from the
perspective of receiver efficiency as a function of the final receiver temperature. In general, the
efficiency increased with increasing height; the same trend, although more noticeable, was
achieved by increasing the concentration. The optimal optical thickness was found to be
approximately two (TrH= 2). The effect of changing the particle distribution was comparable to
the effect of making the volumetric receiver spectrally-selective; both effects increased the
receiver efficiency significantly but were not included when comparing volumetric receivers to
surface-base receivers because they were not demonstrated experimentally in this thesis.
An overall power generation efficiency was defined as the product of the receiver efficiency
with the Carnot efficiency. The overall efficiency was optimized with respect to the final
temperature and exposure time, for varying receiver heights and levels of concentration. The
same analysis was performed for ideal selective surfaces in order to compare them with
volumetric receivers in terms of the magnitude of the optimal power generation efficiency.
A comparison between non-selective volumetric receivers and ideal selective-surfaces
revealed that volumetric receivers were more efficient for larger receiver heights and higher
levels of concentrations. The design chart generated is a very useful tool for a solar thermal
engineer trying to decide between a selective surface and a volumetric receiver for a particular
solar thermal application.
In the high concentration regime, higher receiver temperatures were achievable; resulting in
higher overall power generation efficiency utilizing volumetric receivers. Ideal overall power
generation efficiencies exceeding 55% were found; if, for example, a factor of 0.7 is used to
account for the non-idealities of the power conversion cycle, the resulting overall efficiency
would be on the order of 40%. This efficiency begins to approach the efficiency of fossil fuel
power plants.
Chapter 6
6. Conclusions and Future Work
This thesis has experimentally demonstrated how volumetric absorption using nanoparticle
suspensions can be easily achieved and tuned. Based on the numerical model developed in this
study, the benefits of the volumetric receiver design have been quantified. The receiver design
was shown to be most effective for high concentration levels (C > 100) and tall receiver designs
(H > 10 cm). Ideal overall power generation efficiencies exceeding 55% were computed utilizing
the volumetric receiver design. The actual application of this type of receiver will undoubtedly
be determined by the compatibility and stability of the materials used at high temperatures;
however, this thesis gives motivation for further experimental study of directly absorbing
volumetric receivers and recommends to the solar thermal community to consider volumetric
receivers for next generation solar power generation systems because of their superior heat
transfer mechanism.
6.1 CONTRIBUTIONS
The objective of this thesis was to investigate how solar thermal power generation can
approach the efficiency levels of fossil fuel power plants. Current receiver designs were
discussed and identified as a major obstacle towards imparting high-temperatures to the heat
transfer fluid which is necessary for efficient power generation. The temperature difference
between the absorber and the heat transfer fluid arising from the heat transfer mechanism was
shown to significantly increase the amount of heat losses from the receiver at high temperatures,
resulting in a drop in energy conversion efficiency. A volumetric receiver design for direct
absorption of highly concentrated solar radiation was proposed to eliminate the overheat
temperature inherent in current surface-based receiver designs.
A nanofluid-based volumetric receiver was made by suspending nanoparticles in a heat
transfer fluid (Therminol VP1) commonly used for mid-temperature solar thermal applications.
The radiative properties of the prepared nanofluid were characterized using a spectrophotometer,
as discussed in Chapter 2. While the existing theory based on Rayleigh scattering and optical
constants for bulk solids could not capture the variability in the size and shape of the
nanoparticles, a linear relationship between the volume fraction of the nanoparticles and the
spectral absorption coefficient was experimentally characterized. The experimentally determined
relationship for each wavelength was utilized to tune the fraction of solar radiation absorbed
within a set receiver height. This investigation demonstrated a simple method of semi-
empirically determining the required volume fraction for any receiver height such that nearly all
(> 98%) of the solar radiation is converted into thermal energy stored in the heat transfer fluid.
A proof-of-concept experimental study was devised to demonstrate the volumetric receiver
concept. A Class-A solar simulator was utilized to replicate solar heat flux. Two volume
fractions tailored to the simulator spectrum were prepared using the methods described above. A
cylindrical container was machined out of PEEKTM (a low thermal conductivity, high
temperature material) with a quartz window and a reflective bottom surface. A relatively high
volume fraction (3.76 ppm) was prepared in order to absorb 98% of the radiation within one pass
of the receiver height; while, a lower volume fraction (1.67 ppm) was prepared so that the
radiation reflects from the bottom surface before it is 98% absorbed within two-passes of the
receiver. The simulator provided a constant radiative heat flux (2620 W/m2) over 15 minutes to
impart a temperature change in the nanofluid and probe the thermal response of the one-pass and
two-pass receivers. Developing temperature profiles along the centerline of the receiver were
measured using an array of thermocouples. The thermal response of the volumetric receivers was
modeled using a lumped capacitance model, which fit the data with 99% of the variance
accounted for. The two-pass receiver achieved a more uniform temperature profile and a
narrowly higher stagnation temperature, implying slightly higher receiver efficiency.
To study the coupled radiative and thermal characteristic of volumetric receivers, a numerical
model combining the radiative transfer equation with the transient heat transfer equation for one-
dimensional heat conduction was developed. The spectrally-dependent radiative properties of the
nanofluid were captured using a gray medium approximation for two regions of the spectrum,
below and above 2 [tm, respectively. This approximation arose from the analysis conducted in
Chapter 2, which showed relatively constant absorption across the entire solar spectrum. For
wavelengths below this cut-off wavelength, the absorption coefficient of the nanofluid was
modeled as linearly dependent on the volume fraction. The radiative transfer equation was solved
for incident solar radiation in this spectral region. The effect of changing the volume fraction and
the distribution of the nanoparticles in suspension gave rise to different heat release profiles.
These heat release profiles were used to solve the heat transfer equation. The heat losses from the
receiver was modeled differently depending on the spectral region: above 2 tm, the nanofluid
was assumed to be a black-body radiator, emitting from the top of the receiver only; below 2 pim,
thermal radiation from the particles at high temperatures was modeled as volumetric cooling
from within the receiver. The volumetric cooling term, being highly dependent on the spatial
distribution of the temperature (an unknown quantity), was approximated so that the numerical
scheme could be implemented without iteration. The resulting heat transfer equation was solved
with an explicit central-difference scheme using the Runge-Kutta 4 th order time-stepping method.
The numerical method, implemented in MATLAB, was fast and flexible. Using the numerical
model, temperature profiles as a function of time inside the receiver were found; these profiles
were used to track the efficiency of the receiver over time and give physical insight into the
problem. The predicted profiles by the model were compared to the temperature profiles
measured experimentally for the one-pass and two-pass receivers. A reasonably good agreement
between the measured temperature profiles and the model was found considering several effects
which were not accounted for in the model, namely: the sidewalls of the receivers absorbed part
of the thermal energy; the heat losses were dominated by the sides; and the simulator light source
was divergent, meaning the intensity was changing along the receiver height. Future
experimental studies will improve the uniformity of the light source, increase the concentration
level, and reduce the amount of heat loss to the sides. Nevertheless, the model was able to
capture the trends of the developing profiles providing a physical basis for the numerical model.
The numerical model was used to explore the effect of varying concentration, height, optical
thickness, particle distribution and spectral selectivity on the receiver efficiency. In general, the
receiver efficiency increased with increasing concentration, height, and spectral selectivity. The
efficiency was found to be highest for the optical thickness characteristic of the two-pass receiver
(-CH 2). The distribution of the particles was found to have a significant effect on the efficiency;
a linearly increasing particle distribution was able to distribute heat release profile away from the
top of the receiver and reduce the corresponding surface losses.
In order to approximate the ideal efficiency of a solar thermal power plant, the receiver
efficiency was multiplied by Carnot efficiency. The resulting overall efficiency was found to
have a maximum for a particular exposure time or final receiver temperature. This optimal
overall efficiency increased with volumetric receiver height and solar concentration level,
achieving values exceeding 55%. The same analysis was repeated for ideal selective-surface
receivers for comparison purposes; their optimal overall efficiency was found to decrease with
increasing receiver height and concentration level.
Non-selective (uniformly distributed) volumetric receivers were compared to selective-
surface receivers based on the optimal overall efficiency achievable for a given concentration
and height. The two opposing trends lead to a critical concentration and receiver height at which
point volumetric receivers were capable of achieving higher overall efficiencies than selective-
surface receivers. These critical points were mapped out in a two-dimensional space defined by
two parameters: height and concentration. The resulting chart can used by a solar-thermal
engineer to make a decision as to which type of receiver (selective-surface or non-selective-
volumetric) should be used depending on the concentration level and receiver geometry. Figure
53 illustrates a generalization of the design chart mentioned above, showing how selective-
surfaces are better suited for lower height (H) and lower concentration levels (C), while for
higher concentration levels and larger receiver heights, volumetric receivers are better.
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Figure 53. Generalized design chart depicting which type of receiver should be utilized depending on the
concentration and the height of the receiver; and how other parameters can shift the design line.
The above chart also illustrates how the "design line" separating the regions can be shifted if the
volumetric receiver is spectrally selective and the particles are linearly distributed along the
height of the receiver (these two effects were not experimentally demonstrated, but were
discussed in Chapter 4). On the other hand, if the effectiveness of the heat transfer mechanism
between the selective surface and the heat transfer fluid is increased (Nu > 50), the design line
can be shifted in the other direction.
In reality, a team of solar thermal engineers will be given specifications on the overall power
generation efficiency, and the amount of storage hours needed such that the plant can operate
beyond a set amount of sunlight hours in a day. Figure 54 is helpful in guiding this type of
decision-making process for volumetric receivers; it shows the following trends:
1. The amount of exposure time (texp) needed to achieve the optimal efficiency decreases
with increasing concentration and decreasing receiver height. A shorter exposure time
translates to the capability to store more thermal energy for a limited amount of hours of
sunlight.
2. When the analogy of a flowing volumetric receiver is made, the pumping power (PP)
required to circulate the heat transfer fluid will decrease with increasing channel height.
Lowering the pumping power required will raise the overall efficiency.
3. The magnitude of the optimal efficiency increases with increasing concentration, and, to
a lesser extent, with increasing height. Increasing the overall efficiency will reduce the
relative size of the installation required and make the solar power plant more viable.
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Figure 54. Trends of important design parameters of a volumetric receiver with respect to concentration and
receiver height.
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6.2 RECOMMENDATIONS FOR FUTURE WORK
The experimental investigation described in this thesis should be extended to high
temperatures when radiative losses begin to dominate. In order to achieve these high
temperatures, better control over the level and uniformity of concentration is required. Also, the
height of the receiver and the level of concentration should be experimentally varied such that
the measured receiver efficiency can be compared to the numerical model. This study should be
useful in assessing the viability of volumetric receivers in the regimes where they are predicted
to be most effective.
Control over the radiative properties of the nanoparticles should also be explored. The
concept of spectrally selective volumetric receivers should be experimentally demonstrated;
plasmonic nanoparticles suspended in a non-absorbing heat transfer fluid show potential for this
direction. Moreover, the material compatibility and stability at high temperatures needs to be
investigated; Therminol VP1 will no longer be a suitable heat transfer fluid when temperatures
above 700 K are explored, but air and certain molten salts show promise.
In terms of the numerical methods, the treatment of thermal re-radiation from within the
volumetric receiver should be improved by solving the Boltzmann transport equation more
rigorously and implementing it numerically. With this improvement in modeling, the results can
be extended to temperatures above 1400 K, and higher concentration levels. A further extension
to the numerical model should include the experimentally measured spectral properties of the
volumetric receivers, especially in the infrared spectrum.
Finally, an ideal design guideline should collapse all of the important variables to give a
recommendation for a single operational point. The effect of decreasing optical efficiency with
increasing solar concentration because of the imperfections in the optics should be included in
the overall efficiency; as well, the amount of pumping power as a function of the receiver
geometry should be quantified and included. A potentially more challenging effect to include in
the overall efficiency will be the exposure time parameter because it does not have an obvious
relationship to overall efficiency. Nevertheless, the exposure time dictates the capability to
thermally store the collected solar radiation, and a metric of performance would ideally consider
this effect. The inclusion of these effects should results in an optimal point or region; this type of
analysis will be very useful for the solar thermal community and the design of next generation
solar power plants.
7. Appendix 1
7.1.1 Dimesional analysis
A dimensional analysis is performed in order to reduce the number of variables and give
physical insight into the problem. For simplicity, only the low-temperature solution is
considered, such that the volumetric heat loss term (qloss) can be neglected. In this regime, only
the volumetric heating (qgen) term is incorporated into the heat transfer equation to give
Equation 1.
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Thermal radiation and heat loss due to natural convection is described by a lumped heat transfer
coefficient (hRC). The heat loss from the receiver is treated by the boundary condition at the top
of the receiver (Eq. 2a), while the other boundary conditions remain unchanged (Eq. 2b, c):
k = hRC (Ty= 0 -Tamb) (2a)
ay =O
=T 0 (2b)
ay y=H
T_ =T (2c)
This treatment is consistent with the assumption that most of the thermal radiation occurs in
Region II, where the fluid is usually modeled as optically dense (TH -* 00). Thus, the surface
temperature (Ty=o) of the volumetric receiver governs the amount of heat loss from the receiver.
Equation 1 can be non-dimensionalized using the following parameters:
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The expression for the volumetric heat release is given by Equation 6; furthermore, in Figure 22
through Figure 25, this volumetric heat release is already presented in dimensionless form. The
underlying physics that allow us to non-dimensionalize the volumetric heat release are based on
the assumption that the absorption due to the nanoparticles dominates the absorption due to the
fluid, such that the volume fraction can be tuned to the height of the receiver, as discussed in
Chapter 2. With the non-dimensional parameters (Eqs. 3a-d), the governing equation (Eq. 1) can
be rewritten as:
a6 a26
-=--+ q (4)
at * ay72
If the ambient temperature is assumed to be equal to the initial temperature (Tamb= T), the
corresponding boundary conditions are:
a0
-
= Nu H 0=o (5a)
= 0 (5b)
Ot*-0 =0 (5c)
The Nusselt number is defined with respect to the height of the receiver:
hRCH
Nu. = (6)
k
The complex problem discussed before is now cast in a dimensionless form and can be
solved analytically. Moreover, the dimensionless equation above can also be applied to a
uniform-velocity flowing receiver if an analogy is drawn between the amount of time the
receiver is exposed to the solar heat flux, such that:
x
t = -(7)
U
where U is the plug-flow velocity, and x is distance along the direction of flow. Therefore, we
can draw a parallel between a stationary volumetric receiver and a flowing receiver.
In other words, the actual transfer of heat to the receiver is independent of the flow velocity.
For a given solar heat flux and receiver height, the only parameter that determines the amount
temperature rise inside the receiver is the amount of time the nanofluid was exposed to solar
radiation ("exposure time"). This is not the case in a typical surface-based receiver because the
heat transfer coefficient between the absorbing surface and the fluid is strongly dependent on the
flow characteristics inside the piping. Typically, the higher the Reynolds number inside the pipe,
the larger the heat transfer coefficient which leads to lower overheat temperatures and better
performance. However, higher flow velocity is usually associated with higher pumping costs,
and therefore, a trade-off is introduced into the standard design paradigm. For the case of the
volumetric receivers, the heat transfer characteristics are essentially de-coupled from the flow
velocity, and the limiting case of a stationary volumetric receiver might prove to be the most
simple and efficient. This is the most important observation that falls out of the above analysis.
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